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Abstract
Below the surface of the earth, where soil and water play major roles in regulating the
transport of materials, various kinds of contaminants from industrial facilities, including
light nonaqueous phase liquids (LNAPLs), have been spreading, and, as a result,
deteriorating the quality of groundwater resources. Light nonaquaous phase liquids
normally infiltrate downward through the vadose zone, driven by gravitational forces, until
they reach the groundwater table or its capillary fringe. The remediation of soils in the
vadose zone contaminated by LNAPLs has, to date, been performed by vapor extraction or
bioremediation. To achieve an effective remediation result, delineation of the contaminated
zone must be conducted as precisely as possible. However, the profile of infiltrating
NAPLs in a porous medium is seldom uniform in the vadose zone, and instead often
exhibits a preferential flow pattern called fingering.
The objectives of the study presented in this thesis are (1) to investigate the
feasibility of scaling the phenomenon of fingered flow using the geotechnical centrifuge,
and (2) to investigate predictions of the finger width based on soil parameters that are
obtained by infiltration tests.
A two-layered system, in which the upper soil layer had a finer texture than the
lower layer, was adopted for the centrifuge finger tests. For most of the finger tests,
SOLTROL 220 (an LNAPL) infiltrated into a dry sand medium. However, one preliminary
test was conducted using a partially saturated sand medium. For the prediction of finger
width, the sorptivity and hydraulic conductivity of the sand medium were obtained both by
direct measurement, and by curve-fitting to the cumulative infiltration data. The resultant
parameters were compared with each other, and with the measured finger properties.
From the results of this study, it is concluded that scaling of finger properties using
the geotechnical centrifuge is feasible. However, further investigation of the soil parameters
governing predictions of the finger width is required, before the finger properties measured
in this study can be favorably estimated.
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Chapter 1
Introduction
1.1 Background
Below the surface of the earth, where soil and water play major roles in regulating the
transport of materials, various kinds of contaminants from industrial facilities have been
spreading, and as a result deteriorating the quality of our groundwater resources. Among
these contaminants, nonaquaous phase liquids (NAPLs) have been attracting much
attention, not only from technical experts, but also from the general public, because they
are a ubiquitous cause of contamination that is difficult to remove from the subsurface
environment.
Light nonaquaous phase liquids (LNAPLs) form one of two subgroups of NAPLs
(the other subgroup containing dense nonaquaous phase liquids (DNAPLs)), whose
density is lower than that of water. Many hydrocarbon products are categorized as
LNAPLs, and gasoline spills from underground tanks are one of the most frequently
encountered causes of underground contamination. If such spills move into a vadose zone,
where the pore spaces in the soil are not saturated with water, the LNAPL will be driven
downward by gravitational forces, until it reaches the groundwater table or capillary fringe.
After reaching the capillary fringe, the front of the LNAPL flow will basically move and
extend itself laterally on the fringe (see Figure 1.1 for a schematic diagram of this
behavior).
The remediation of soils contaminated by LNAPLs is a two-fold process. The
LNAPLs, which are dissolved or trapped in the water-saturated zone below the water table,
are first either pumped out with groundwater (called the "pump-and-treat" technique) or
purged out to the vadose zone by injecting air. Next, the LNAPLs in the vadose zone are
either extracted by vacuum, especially if they are volatile, or decomposed by
microorganisms (so-called bioremediation) [Mercer and Cohen, 1990].
The remediation targeting the vadose zone is important because it reduces the
amount of contamination that will reach the groundwater and hence pose a direct hazard to
humans in the future. However, to achieve an effective remediation result, the delineation
and prediction, if the contaminants are mobile, of the contaminated zone must be conducted
as precisely as possible. Unfortunately, profiles of infiltrating NAPLs are seldom uniform
and constant in the vadose zone, due to heterogeneity in the soil, animal burrows, and
biological interventions, such as tree roots. Furthermore, it has been reported that unstable
flow patterns of NAPLs are often observed, even in homogeneous geological media
[Kueper and Frind, 1988].
Fingering phenomenon, which can originate from unstable wetting front
infiltration, was first observed by Hill [1952]. Since then, this topic has been investigated
by researchers in chemical engineering, fluid mechanics, and soil science [Lu et al., 1994].
This phenomenon has recently gained much attention from contaminant hydrogeologists,
because many of the contaminants found in the subsurface environment are immiscible to
water and prone to form unstable flow patterns [Kueper and Frind, 1988]. The significance
of this phenomenon is that, by bypassing most of the unsaturated zone, an unstable
infiltrating fluid can reach the water table much faster than a fluid moving under the
uniform downward flow. In addition, the persistence of fingers from one infiltration cycle
to the next has been observed [Glass et al., 1989a]. Therefore, finger pathways can act not
only as the facilitating flow path during the first infiltration, i.e., in the event of spill, but
also as persistent pathways through which subsequent spills can quickly travel.
To understand fingered flow, it is clear that systematic quantitative laboratory
experimentation and field experimentation, together with theoretical analyses, are needed
[Glass et al., 1988]. For laboratory scale experiments on fingering, extensive efforts are
made to form homogenous samples, as reported by Glass et al. [1989c], in order to
eliminate the effects of macropores and heterogeneities. However, in the field, it is virtually
impossible to remove these factors.
The geotechnical centrifuge has been used to simulate stress conditions or
deformations in a prototype that has larger dimensions than the model. The proportion of
scale reduction from the prototype to the model is a linear function of the G-level that is
applied to the model. Hence, if centrifugal scaling of immiscible fingering proves to be
feasible, finger characteristics at a large scale can be modeled on the centrifuge with the
minimized heterogeneity, often encountered in the field. The geotechnical centrifuge also
can provide a deeper understanding of the phenomena, and furthermore it is cost effective
[Knight and Mitchell, 1995].
1.2 Objectives
The objectives of the study presented in this thesis are:
1. to investigate the scaling of finger properties using the geotechnical centrifuge, and
2. to predict the finger width based on soil parameters independently obtained by
infiltration tests.
1.3 Outline of Study
This study is comprised of two types of tests: the infiltration tests and the finger tests. Six
infiltration tests were conducted to obtain various soil parameters, and eleven finger tests
were conducted to obtain finger properties under G-levels varying from 1G up to 11G,
using the geotechnical centrifuge machine located in the geotechnical engineering laboratory
in Massachusetts Institute of Technology.
A two-layered system, in which the upper soil layer had a finer texture than the
lower layer, was adopted for the finger tests. The material used for the tests was sand. In
the upper layer, the mean grain diameter of the sand was 0.6 mm. The sand in the lower
layer had a mean grain diameter of 0.12 mm. The infiltrating fluid, SOLTROL 220 or
water, was introduced to on top of the sand model, whose pores were filled with either air
(dry) or water (wet). The majority of the finger tests concerned SOLTROL 220 infiltrating
into a dry sand medium.
For the prediction of finger width, it is necessary to estimate the sorptivity and the
hydraulic conductivity of the sand medium. These parameters were obtained both by direct
measurement and by curve-fitting to the cumulative infiltration data. The resultant
parameters were compared with each other, and with the measured finger properties.
Chapter 2
Background
2.1 Introduction
In this chapter, first, instability of flow in a porous medium is addressed, with a focus on
fingered flow. Next, centrifuge modeling is discussed, starting with its general concept and
moving into its application in the field of geoenvironmental engineering.
2.2 Wetting Front Instability: Fingered Flow
When a wetting fluid seeps downward through a porous medium, its front can form either
a uniform edge or a wavy unstable edge. When the porous medium is homogeneous, the
criteria that determine which type of wetting front displacement takes place are a function of
the density and viscosity contrast between two fluids, the base flow rate, and the curvature
of the initial perturbation [Hensley, 1995]. It is noted that even flow in an isotropic
homogeneous geological medium, which is often regarded as a "homogeneous" medium,
can encounter microscopic heterogeneities that cause perturbations.
Another perspective needs to be introduced to discuss flow instability. Philip
[1975a,b] concluded that a wetting front will be unstable if there is a pressure gradient
opposing the direction of flow behind the front. According to Glass et al. [1988], such
situations can be simulated in systems where (1) a fine-textured layer overlies a coarse-
textured layer (two-layered system), (2) the hydraulic conductivity increases with depth,
(3) the initial moisture content increases with depth, and (4) infiltration occurs without
ponding on the surface.
In this section, the criteria for wetting front instability are first described, and
previous research on fingering in two-layered system is then briefly reviewed. Next,
previous work that has intended to characterize and analyze the phenomenon of wetting
front instability, which generally leads to the development of finger flow [Selker et al.,
1992b], is discussed.
2.2.1 Criteria on Wetting Front Instability
During infiltration of a fluid into a porous medium, it is possible that a part of its wetting
front encounters inherent microscopic heterogeneity and receives a small perturbation. If
destabilizing forces dominate over stabilizing forces, then a finger will develop from this
perturbation [Kueper and Frind, 1988]. To explain this phenomenon, Hill [1952] derives a
critical velocity, vc, beyond which a finger will develop from a perturbation. This velocity
is given by
kg(p 1 -p )
vc  Eq.(2.1)
where g: gravitational acceleration
k: the intrinsic permeability of the porous medium
p : the density of the fluid, and
g : the dynamic viscosity of the fluid.
The subscripts, 1 and 2, denote the displaced fluid and displacing (or infiltrating) fluid,
respectively. When the Darcy velocity, which is a product of the hydraulic conductivity and
hydraulic gradient, exceeds the critical velocity, the wetting front becomes unstable.
Adopting this equation to downward fluid displacement in a porous medium whose
pores are filled with another fluid, four situations are to be considered, depending on the
combination of viscosity and density differences between the two fluids. Table 2.1
summarizes the four situations and a resultant condition of wetting front stability. Since
there are various types of NAPLs, in terms of viscosity and density, every property of the
involved fluids should be taken into account to decide which situation is dominant in a
given system. For example, when LNAPL is infiltrating downward into a dry porous
medium (g: positive, pl<p2 and Fl9<t), the density contrast has a destabilizing effect and
the viscosity contrast has a stabilizing effect. Hence, if the displacement velocity of the
infiltrating fluid, v, is greater than the critical velocity, flow instability occurs.
Chouke et al. [1959] derived a critical wavelength (finger separation), .c, based on
Eq.(2. 1), which is given as
AC - 2ar Y Eq.(2.2)
where o* is an effective surface tension. Effective surface tension in a porous medium is
not a constant, but depends on microscopic conditions [Chang et al., 1994]; therefore,
indirect approaches to determine the value have been pursued. One approach is made by the
empirical equation given by Homsy [1987],
oL
* 
- Eq.(2.3)
where a is the molecular surface tension, and L is a macroscopic, horizontal dimension of
the problem. Another approach is made by fractal analysis, as reported by Chang et al.
[1994] (see Section 2.2.3).
2.2.2 Fingering in a Two-layered System
Hill and Parlange [1972] conducted an extensive study on fingered flow that developed in a
two-layered system, in which the top layer had a finer texture than the bottom layer. The
authors carried out ponded infiltration experiments in a clear acrylic chamber, whose width
was 25mm, and examined the phenomena under a varied ponded depth and top layer
thickness. Among the experimented observations that were made, the following points are
noteworthy;
1. The fingers were seen to move downward at a velocity equal to the saturated hydraulic
conductivity divided by the volumetric water content of the soil.
2. The fingers consisted of a saturated core surrounded by an unsaturated outer layer.
3. The width of the fingers was independent of the flow rate. (Glass et al.[1989b]
reported that the higher the flow rate, the wider and faster the fingers.)
4. The velocity and width of the fingers were affected by the initial soil water content.
5. There is a shallow "induction" zone developed at the boundary between the two layers.
Fingers developed below the induction zone.
These observations have since been verified by numerous researchers, including
Glass et al. [1989c] for point 1 mentioned above, Glass et al. [1989a] for point 2, and
Diment and Watson [1985] and Liu et al. [1994] for point 4. Chang et al. [1994] also
report observing a zone whose characteristics are the same as the "induction" zone: they
postulate that it was caused by fine sand particles intruding from the overlying fine-texture
layer.
It should be noted that the two-layered system was adopted for the experiments in
this study.
2.2.3 Characterization of Fingered Flow
Observable variables that may be used to characterize the behavior of the unstable flow field
include (1) the number of fingers, (2) the finger width, (3) the average moisture content in
the fingers, (4) the finger separation, (5) the finger velocity, and (6) the magnitude of flow
[Glass et al., 1989b]. Except for the magnitude of flow that percolates through a given
finger, all variables listed above need to be directly measured, either by visual observation
or by sensors installed in the medium [Selker et al., 1992b]. However, since visualization
of flow in an opaque porous medium is difficult to perform, various kinds of techniques
have been applied to achieve this purpose. These techniques, or experimental features, are
reviewed for 2-D and 3-D cases as follows.
2-D
Most research work on fingered flow has been performed using a thin chamber, where
two-dimensional fingered flow is forced to develop [e.g., Hill and Parlange, 1972; Glass et
al., 1989 a,b,c]. Normally, one side of this form of chamber is transparent, so that data on
the width, separation, and velocity of fingers can be obtained visually.
Two-dimensional chambers can also be used to investigate the mechanism that
regulates the fingered flow, and to elucidate a moisture distribution in fingers. The former
is represented by the research reported by Lu et al. [1994], and the latter is represented by
the research conducted by Glass et al. [1989a]. Lu et al. [1994] used glass beads and water
as a porous medium and an infiltrating fluid, respectively, and investigated fingered flow
infiltrating into dry or wet media at a microscopic level. Their study demonstrated that the
wetting front is water saturated when the medium is initially dry, while the front is
unsaturated when the medium is initially wet. Glass et al. [1989a] developed an
experimental technique to obtain a relative moisture content in a given finger. Applying this
technique, which uses high-output fluorescent light bulbs and a light-sensitive
photoresistor, they verified empirically that there is a moisture content distribution in each
finger as shown in Figure 2.1.
3-D
As noted above, two-dimensional chambers are useful to quantitatively investigate
characteristics of fingered flow. However, there is uncertainty in deciding whether 2-D
finger properties can be used to predict three-dimensional finger patterns, which are those
most often encountered in a real geological media. This concern is also expressed by Held
and Illangasekare [1995], who state that "Any experiments conducted in one- or two-
dimensional setups impose restrictions on the free fluid movement and thus on the
generality of use of the results."
Held and Illangasekare [1995] studied the displacement of water by DNAPL (dense
nonaqueous phase liquid) in a homogeneous porous medium. The tank used in their study
had dimensions of 120cm in height and 45cm x 45cm in cross-section, and consisted of 16
individual segments, each of which was assembled vertically together. The DNAPLs used
were dyed with an organic red dye and fluorescence to contrast the fluids under ultraviolet
light. This visualization technique was applied to each cross-sectional area, after
disassembling each segment, to obtain 3-D finger patterns. In their work, these authors
found that the experimental data agreed well with theoretical predictions by Chouke et al.
[1959], which define the viscosity and density conditions where fingered flow can be
observed.
Another experimental study on 3-D fingering is reported by Selker et al. [1992a]
and Glass et al. [1991]. These researchers used a 40cm-high and 29.7cm-i.d. column that
was formed with four 10cm-height rings. For each test, dry sand and distilled water were
used for the porous medium and the infiltrating fluid, respectively. Before ending each test,
dyed water, instead of distilled water, was applied to delineate the fingered flow pathways.
These dyed pathways were then visualized both by tracing the cross-section of the column,
which could be separated at the ring connections by the insertion of a steel plate, and by
freezing the pore water and removing the surrounding loose dry sand. Selker et al. [1992a]
demonstrated that the measured finger diameter was within 10% range of the predicted
value that is calculated by multiplying the 2-D finger width by 4.8/n.
New approaches for visualization
Several approaches to visualize fingered flow in a porous medium, other than the
techniques mentioned above, have been implemented to date. Posadas et al. [1996] studied
infiltration of water through a cubic column of two-layered soil using images obtained by
magnetic resonance tomography. As another approach, Liu et al. [1993] applied high-
intensity synchrotron X-rays to measure water content in water fingers in soils whose pore
spaces were filled with water and air. These techniques can be applied without disturbing
the porous medium, in contrast to the verification method accompanied by soil excavation.
Thus, they allow us to obtain information about developing fingers in real time.
Furthermore, these nondestructive techniques can give data of high resolution depending
on the method applied. Reviewing these visualization techniques, it can be noted that these
methods are promising way to evaluate finger patterns in a more precise manner.
2.2.4 Analysis of Fingered Flow
To analyze the development of fingered flow in the vadose zone, both nonlinear
characteristics of the flow in an unsaturated porous medium and microscopic heterogeneity
should be considered. However, since neither of these topics is easily characterized either
separately or together, no single approach that incorporates both has yet been made.
Examples of approaches made to date include a linear stability analysis by Parlange and Hill
[1976] and a dimensional analysis by Glass et al. [1989b]. A brief outline of the
dimensional analysis and the fractal analysis approach to analyze finger properties, such as
wavelength, are presented below.
Dimensional analysis
Glass et al. [1989c] applied dimensional analysis at the "finger scale" and the "chamber
scale" to derive formulations for finger size (finger width or finger diameter in a 3-D
system) and velocity as a function of porous media properties and initial/boundary
conditions. Starting with the nondimensionalization of Richard's equation [Richards,
1931], the authors derived formulae to estimate the finger width, d, and the finger velocity,
u, These formulae were further tested in subsequent studies [Liu et al., 1994; Selker et al.,
1992a] and simplified to
da ,, and Eq.(2.4)
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where 0, K, q are the moisture content, the hydraulic conductivity, and the flux,
respectively. The subscripts, i, f, and s denote the initial conditions, the conditions at the
fingers, and the conditions at saturation, respectively. Sf is the sorptivity at the finger tip,
which can be approximated by
S2- P( + , - 20 DdO Eq.(2.6)
where D is diffusivity [Parlange, 1975]. Eq.(2.6) is further explained in Section 6.2.2 of
this thesis.
Fractal analysis
Chang et al. [1994] used fractals as a tool to estimate effective surface tension, a*, as it
appeared in Eq.(2.2), and to describe fingering during infiltration of water into two-layered
soils. They conducted seven infiltration tests, three of which used a homogeneous medium
and the rest of which used a two-layered system. During each test, the wetting front profile
was traced at a designated time interval, which enabled the length of the wetted perimeter to
be measured afterwards. They considered this length, which takes a greater value as the
front becomes more unstable, to be a function of the investigated scale length (or mean pore
size in their research) and various fractal parameters. Using these fractal parameters, the
effective surface tension can be estimated. Thus, the maximum wavelength, X. (--= hXc),
can also be estimated.
2.3 Centrifuge Modeling
In this section, the principle of centrifuge modeling is first explained, and scaling laws for
contaminant transport are presented. Next, some previous studies that relate to its
application in environmental geotechnology are briefly summarized.
2.3.1 Principle of Centrifuge Modeling
The principle of geotechnical centrifuge modeling, which relates a small scale model to a
corresponding prototype, is concisely explained by Hensley and Schofield [1991]. As
shown by Figure 2.2, the mechanical behavior of a prototype soil mass under the earth's
gravity g, can be replicated in a small scale model of 1/N experiencing a centrifugal force of
N-g. Hence, if a model 1/N sized that of the prototype is accelerated to N-g, the stress
distribution throughout the model will be identical with that throughout the prototype.
In addition to reproducing prototype stress levels, centrifuge modeling can offer an
accelerated time scale for seepage phenomena as a result of the increase in self weight of the
permeant and the decrease in size scale. If the model is accelerated to N times that of the
Earth's gravitational acceleration, the seepage velocity is increased by a factor of N, while
the length dimensions are reduced by a factor of 1/N. Therefore, the time required for
prototype transport processes to occur is reduced by a factor of 1/N2 in the centrifuge
model.
2.3.2 Scaling Laws for Contamination Transport
Centrifuge scaling laws for contamination transport in a porous medium were presented by
Arulanandan et al. [1988] utilizing dimensional analysis. Table 2.2 summarizes some
scaling relationships for basic properties describing flow. In this table, N is the gravity
scaling factor, and two subscripts, m and p, refer to the "model" and "prototype,"
respectively. Furthermore, it is assumed that identical material is used in the model and in
the prototype, which means that the intrinsic permeability of the porous medium, k, and the
density and viscosity of the fluid, p and p, are identical for both systems.
In conducting their dimensional analysis, Arulanandan et al. [1988] introduced
eight linearly independent dimensionless groups to discuss the scaling laws for solute
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transport. Since the topic of this thesis is immiscible fingering, only two of these
dimensionless groups (112 and rs) are mentioned below: the others being relevant to
miscible flow alone. (The readers are referred to Arulanandan et al. [1988] for a full
discussion on all groups.)
* I, - pvd (Reynold's Number, Re)
n2 should be kept below the critical value (Re<1) for flow in porous media [Bear, 1972] to
ensure the validity of Darcy's Law. For the tests reported in this study, the Reynold's
number was less than 0.3.
* I pgLd (Capillary effects number)
Using the relationships presented in Table 2.2, n s in the model is identical with that in the
prototype. For modeling problems involving the contamination of unsaturated soil, there is
concern that where the gravitational gradient is small compared to the suction gradients, the
use of a centrifuge for scaled model testing may be unnecessary, as noted by Arulanandan
et al. [1988]. Because the topic of this thesis concerns contaminant transport in unsaturated
soil, the usefulness of the centrifuge for investigating this problem needs to be verified
through experiments.
One method to verifying the feasibility of centrifuge modeling is to perform
"modeling of models" [Li et al., 1994]. This is standard centrifuge modeling practice,
whereby a test is run at two or more different G-levels [Cooke, 1993]. If the scaled results
of the tests at different G-levels are close together, it is assumed that centrifuge modeling of
a given system is feasible.
2.3.3 Application to Geoenvironmental Problems
The main advantages of centrifuge models are the reproduction of prototype stress
distributions and the acceleration of certain time effects [Cooke, 1993]. To illustrate the
advantages of the centrifuge modeling in geoenvironmental engineering, several projects on
contaminant transport have been performed, and in this subsection some of the projects are
reviewed.
Mitchell [1994] investigated the feasibility of using a "flexible, no lateral strain"
centrifuge-test-cell to evaluate clay liner-permeant compatibility. The background for this
project was that no laboratory permeability tests were available to reproduce a sample
condition in which an actual field effective stress could be approximated, and which, at the
same time, no lateral strain could take place. The authors concluded that centrifuge testing
appears to be a viable alternative to laboratory bench testing for this problem, and that this
testing method has the potential to be standardized in order to measure clay liner
permeability.
Hensley and Schofield [1991] presented the results of centrifuge tests that aimed to
study the long term transport of contaminants in the soil surrounding an engineered landfill
site. In this study, prototype times of up to 30 years were modeled, and the test results
illustrate the potential of the centrifuge in providing good-quality experimental data for the
verification of existing mathematical transport codes.
There has been a lot of research conducted on the basic transport mechanisms under
varying system settings: for example, uniform infiltration of immiscible liquid in
homogeneous unsaturated porous medium [e.g., Reible, et al., 1990], nonsorbing,
nonequilibrium solute transport in a locally inhomogeneous soil [Li et al., 1994].
However, the application of centrifuge modeling to realistic configurations, such as the
landfill site problem reported by Hensley and Schofield [1991], is not yet extensive.
Examples of where more project oriented work on the centrifuge could be extended include
investigations into remediation by soil flushing as initiated in the research work reported by
Ratnam [1996] or by hydraulic fracturing as suggested by Mitchell [1991].

Chapter 3
Experimental Material and
Test Equipment
3.1 Introduction
In this chapter, the materials and the equipment that were used for the tests are explained. The
selected porous medium was a sand with an appropriate grain size distribution. The infiltrating
fluid was an aliphatic oil, SOLTROL 220. Most of the apparatus that were used to control the G-
levels, and to measure or record the results of the tests, were already installed in the MIT
geotechnical engineering laboratory: these included the MIT geotechnical centrifuge, the MIT
diffusive rainer and a monitor with a videocassette recorder. Equipment newly manufactured for
the project included the strongbox and the window chimney. The strongbox was the main
apparatus for the tests: it contained the sample box and the oil circulation system. The window
chimney was used for the sample preparation. The CCD (Charge-Coupled Device) camera was
purchased for the project, and installed for use on the centrifuge machine.
3.2 Experimental Material
To conduct a series of tests to investigate fingered flow, two types of materials were considered as
candidates for the porous medium. One was silica sand, and the other was glass beads. Though the
glass beads are excellent for flow visualization if accompanied by a suitable lighting, silica sand
was thought to be more appropriate for this study because of the following reasons:
* Silica sands are readily available in the MIT geotechnical engineering laboratory in large
quantities.
* Ratnam [1996], for his study on oil behavior in soil, obtained different results when he used
glass beads for the porous material instead of sands.
* Most of the research on the finger flow [e.g., Glass et al., 1989a,b,c; Selker et al., 1992a,b]
have been conducted using sand as a material for the porous medium.
The infiltrating fluid used in this research was SOLTROL 220 (hereafter simply called "the
oil"). This oil was selected because it has a very low volatility at room temperature, which is
considered important in terms of safety. In addition, several studies [e.g., Illangasekare et al.,
1991] have used this material to investigate LNAPL flow in porous media at a laboratory scale.
3.2.1 Silica sands
Two kinds of sand, each with different grain size distributions, were necessary to prepare the two-
layer system. The sands used were two New Jersey sands, namely the 40P sand and the 100P
sand. These numbers indicate the grain size of the sand: for example, the average grain size of the
40P sand is close to the mesh size of the No. 40 sieve (0.42 mm), although there is a certain
distribution of grain sizes around the average.
The fundamental properties of each sand, such as chemical composition, grain size
distribution, and maximum and minimum densities, are reported by Ratnam [1996]. Figure 3.1
shows the grain size distributions of both sands. The sands have a fraction in common whose
grain size falls between 0.15 mm and 0.4 mm. In preliminary tests that used water as the
infiltrating fluid, fingering was not developed at the boundary between the top sand layer and the
main sand layer. Because it was considered that there might not be a distinctive enough contrast in
seepage characteristics, such as permeability and sorptivity, between the sands, it was decided to
sieve out certain fractions of each sand. Out of the 40P sand, the portion which passed through the
#25 sieve (0.71 mm), but was left on the #40 sieve (0.42 mm), was removed. Out of the 100P
sand, the portion passing through the #100 sieve (0.149 mm), but was left on the #140 sieve
(0.106 mm), was removed. Hereafter, the former sand is called the 25-40 sand, and the latter the
100-140 sand. The resultant grain size distributions following sorting are also presented in Figure
3.1. It should be noted that finger flow was observed in the sample using these processed sands
and water as the infiltrating fluid.
In addition to sorting, the sands were washed with tap water and a window cleaner,
because very small clay particles or oil fractions that were stuck to the sands' surface might affect
flow in each medium. The sands, at volumes of 400 to 500cm3 , were first poured into a 1000 cm3
cylinder and washed with tap water. After draining the water, a small amount of detergent (spray a
few times) was added, and more water was then poured into the cylinder. Dozens of sets of rinsing
and draining were repeated until no foam was seen on the water surface. The washed sands were
dried at room temperature over a few days. It is noted that one of the infiltration tests reported later
in this document used sand that was not washed with the detergent, instead, it was washed only
with water.
The specific gravity, maximum/minimum void ratios and hydraulic conductivity for each
sand are summarized in Table 3.1. For comparison, the properties that were obtained by Ratnam
[1996] for the original sands are also presented in the same Table. The methods used to obtain
these properties or the pertinent ASTM codes are summarized in Table 3.2.
3.2.2 SOLTROL 220
The properties of the oil are summarized in Table 3.3, together with the properties of water. The
viscosity of the oil is 4.12 times greater than that of water, and the density of the oil is 0.79 times
lower than that of water. Since the hydraulic conductivity, K, is related to the density of the fluid,
p, the dynamic viscosity of the fluid, It, and the intrinsic permeability of the porous medium, k,
through the equation, K = Pgk, the hydraulic conductivity of the oil in a given porous medium is
computed to be about one fifth of the hydraulic conductivity of water in the same medium.
Sorptivity, another parameter that regulates flow in porous media, is also expressed in a
similar way. Philip [1957] first proposed the term "sorptivity, S," and reported that the parameter
can be described by the following formula:
S - s Eq.(3.1)
where a and R are the surface tension and viscosity of the fluid, respectively, and H is a contact
angle at the liquid-solid-air line of contact. The last parameter in Eq.(3.1), s, which is called
"intrinsic sorptivity", depends on the geometry of the porous medium. Using the properties
presented in Table 3.3, the sorptivity of the water is calculated to be 3.4 times larger than that of
SOLTROL 220 in an equivalent medium. Here, it is assumed that the contact angle for both cases
is the same.
3.3 The MIT Geotechnical Centrifuge
Table 3.4 summarizes the specifications of the MIT geotechnical centrifuge machine and Figure 3.2
gives a picture taken of the platform of the centrifuge machine. The machine is a balance-beam type
centrifuge and it has two swinging platforms at both ends. The maximum G-level that the machine
is capable of is 200 G, and its load capacity is 13,620 G-kg. Therefore, one can test a sample box
whose weight is up to 68.1 kg under maximum G conditions.
3.4 Centrifuge Strongbox
A new strongbox was made for this study. Figure 3.3(a) shows the dimensions of the strongbox,
and Figure 3.3(b) presents some pictures of the strongbox. The strongbox is made of T6061
aluminum plates and a polycarbonate resin, lexan, for the transparent window through which one
can monitor and record images of the flow patterns. The strongbox plates and the window were
assembled with stainless screws and sealed with an application of silicone rubber so that there
would be no leakage during the tests.
The strongbox assembly consists of three parts; the sample box, the pump box, and the oil
storage box. The sample box has dimensions of 30.5(cm) x 22.9(cm) x 2.3(cm). The width,
2.3(cm), can be reduced to 1.1(cm) or 0.8(cm) using spacers that are made of PlexiglasTM . The
pump box stores the peristaltic pump, which delivers the oil in the oil storage box to the sample
box. The pump box can be connected to the sample box via three 5 mm diameter holes, which are
located 1.5cm above the base of the box. During testing, these holes served as drainage holes for
the oil that had infiltrated through the sand medium. The oil storage box can hold 10,000cm3 of
oil, though normally one test consumed only 500 cm' of oil.
To maintain a fixed depth of ponded liquid, a small slot was cut in the top edge of the
aluminum plate that divides the sample box and the oil storage box. During each test, the flow,
supplied by the shower device, could either seep downward into the porous medium or return to
the oil storage box through the slot. The shower device is made out of an aluminum tube whose
diameter is 2.54cm. Both ends of the tube were sealed, and seven small holes (eachi 1 mm in
diameter) were opened at equal intervals along the tube. Figure 3.4 shows a diagram describing
the oil flow in the strongbox.
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During a centrifuge test, the strongbox was mounted on the system base plate, which was
firmly screwed to the platform of the centrifuge machine. The base plate is made of the T6061
aluminum plate, and its weight is about 10 kg. The CCD camera was also installed on the base
plate. Figure 3.5 shows the setup of the strongbox and the CCD camera on the base plate. To
improve the monitoring image taken by the camera, a black foam board was also attached to the
wall of the platform as seen in Figure 3.2.
3.5 The MIT Diffusive Rainer and Window Chimney
The MIT diffusive rainer and the window chimney were used to prepare the samples in the sample
box. The rainer consists of a sand storage box at the top of a chimney that encloses the falling
sands. In the chimney, there are slots to hold several wire meshes that contribute to make a
uniform plane distribution of falling sand. For this study, two wire meshes were installed at levels
of 20cm and 30cm, respectively, from the top edge of the strongbox. The sands in the storage box
were regulated to fall by sliding two plates, each with 24 holes that were aligned in a grid pattern of
4 x 6, relative to each other. Figure 3.6(a) shows a picture of the MIT diffusive rainer and the
window chimney.
In order to prepare each sample effectively, a new window chimney was specially
manufactured for this study. Because the rainer was originally intended to prepare samples with a
wider area [e.g., Nai, 1993; Ratnam, 1996], it was not suitable for use with the thin sample box
without modification. The new window chimney consists of a small chimney whose cross-section
has the same dimensions as that of the sample box. The height of the window chimney is 10.5 cm,
which is high enough to prevent any sand falling outside the sample box from re-entering the box.
A picture of the window chimney can be found in Figure 3.6(b). During sample preparation, three
out of the four lines of holes in the sliding plates of the sand storage box, were sealed with tape to
reduce the amount of sand falling onto the outside of the window chimney (see Figure 3.7).
Initially, it was a concern that static electricity might be built up during sample preparation as a
result of friction between the falling sand and the window chimney; however, no significant effect
was noted when a comparison was made between data collected with the chimney electrically
grounded, and data collected with the chimney ungrounded. The relative density of the samples
prepared by this method was never less than 95%.
3.6 Peripheral Apparatus
The specifications of the peripheral apparatus are summarized in Table 3.5. Except the CCD
camera and its control box, all the peripherals used in the study were already available in the MIT
geotechnical engineering laboratory. The following subsections are intended to briefly comment on
the two peripheral apparatus that were actually mounted on the centrifuge machine.
3.6.1 CCD Camera
The Panasonic CCD camera unit, GP-KS 162, was selected for the monitoring camera installed in
front of the lexan window of the strongbox (refer to Figure 3.5) for the following reasons:
* The camera is small enough that is can be mounted on the system base plate, where there is a
tight restriction for space. In addition, the basic CCD camera head can be fitted with a wide
angle lens or a super wide angle lens that helps reduce the distance to the object. For this work,
the super wide angle lens was selected. For this reason, the image recorded by the camera was
distorted toward the periphery of the monitor. Calibration of the effects of this distortion is
explained in Section 4.3.2 of this thesis.
* The camera has a reasonable weight and could function under 100G conditions, or over.
Signals from the CCD camera unit can be retrieved either by normal video signal (2 cables)
or by S-VHS signal. The S-VHS signal produces better image data than the former; however, this
method of signal retrieval requires 5 cables to hook onto the slip rings. For the finger tests, the
normal video signal was used. The retrieved cables were connected to the monitor, AIWA VX-
T1400KE2, through the videocassette recorder, Panasonic AG-6720A-P. These two apparatus
were used not only for monitoring during the tests, but also for replaying the recorded data to
obtain the required measurements of finger velocity.
3.6.2 Peristaltic Pump
A peristaltic pump was selected to control fluid delivery during the centrifuge tests because this
form of pump can be operated normally under the higher G conditions. The pump was placed in
the pump box without any screws to fix it to the box, because the accelerated gravitational force
always acted to push the pump onto the base of the box. The flow rate of the pump under different
conditions was determined by preliminary tests. The flow rate always had to be adjusted to the
width of the sample box; i.e., if the flow rate was more than the sum of the infiltrating oil and the
returning oil, the oil would overflow the strongbox. A detailed description of the specific pump
used in this test series is given by Ratnam [1996].
Chapter 4
Test Procedure
4.1 Introduction
This chapter describes the procedure of the sorptivity measurement tests and the finger tests in
detail. The sorptivity was estimated from data given by ponded infiltration tests; and the test setup
is explained below, together with the properties of packed sand. The finger tests were conducted
under varying G-levels, from 1G up to 11G. Three tests were conducted under 1G conditions and
eight tests were conducted under an increased G-level using the geotechnical centrifuge. The
following subsections describe the sample preparation procedure, which applied to every test, and
the centrifuge testing procedure. The 1G tests followed the same step as the centrifuge tests, but
were not performed on the centrifuge.
4.2 Infiltration Tests
Sorptivity is an important parameter used to describe cumulative infiltration [Marshall and Holmes,
19881, as well as to predict a finger width at 1G conditions. In this section, the experimental
procedure for infiltration tests is explained. Two methods to estimate sorptivity, both of which
utilize the data obtained by the infiltration tests, are explained in Section 5.2.
Four tests, TEST 1 through TEST 4, were conducted using the oil as the infiltrating fluid,
and two tests, TESTs 5 and 6, were conducted using water as the infiltrating fluid. TESTs 1, 5 and
6 used a slim and long transparent cylinder, whose internal diameter was 2.54 cm and whose
length was 25 cm. TESTs 2 through 4 used a cylinder that was 5.6 cm in internal diameter and 9
cm in length. Though all the finger tests made use of the detergent-washed sand, the infiltration
tests were done additionally for both water-washed sand and unwashed sand. Figure 4.1 shows
the schematic layout of the infiltration tests. The procedure of the test is explained below:
1. Plug one end of the cylinder using a rubber plug with a 5 mm hole at its center. This hole
works as an air release.
2. Pour a small amount of sand into the narrow space between the cylinder and the rubber plug.
Since the plug has a conical shape, there is a small gap to be filled. If this space is left open, it
may cause a disturbance in the packed sand.
3. Place a circle of filter paper, whose diameter is a little less than the inner diameter of the
cylinder, above the rubber plug. The filter paper assures an undisturbed packed sand column.
4. Weigh the apparatus before packing the sand. For this test series, the bulk density of the
packed sand was computed by dividing the apparatus weight difference before and after
packing, by the volume of the packed sand.
5. Pack the sand using the MIT diffusive rainer. This ensures that the packed sand is as dense and
as uniform as possible. The weight of the sand-packed cylinder must be measured in order to
calculate the sand's bulk density.
6. Place a small circular paper filter at the center of the sand surface. This is to prevent erosion on
the surface of the sand.
7. Pour the oil onto the sand surface so that a constant head is imposed by a constant ponded
depth of oil. The ponded depth for each test reported here was between 6 mm and 11 mm.
8. Record the movement of the infiltrating front with a camcorder. Because the seepage is
relatively fast, a visual reading may be subject to a serious error.
9. Prepare a cumulative infiltration curve by replaying the infiltration experiment on the viewer of
the camcorder.
4.3 Finger tests
To obtain a series of data that could be used to investigate unstable infiltration under varying G-
levels, eleven fingering tests were conducted: three tests under 1G conditions and eight tests under
higher G-levels using the geotechnical centrifuge. It took a day to complete one test from the
preparation of the sample to the finger test itself. The following subsections describe the sample
preparation, which applied to every test, and the centrifuge test procedure. 1G tests followed the
same steps as the centrifuge tests, but were not performed on the centrifuge.
4.3.1 Sample Preparation
Because flow in a porous medium is affected by macroscopic/microscopic heterogeneity, it was
imperative to prepare a well-conditioned, very homogeneous sand model for these tests. To fulfill
this end, the sands supplied by the manufacturer were sieved out and washed thoroughly using the
detergent described in Chapter 3, and the MIT diffusive rainer was used for sample preparation. It
is noted that the sand for the top layer was not washed, because the finger properties are controlled
only by the properties of the main layer [Culligan et al., 1996]. The sample was prepared in the
sample box by enacting the following steps:
1. Preparation for the drainage holes: The three holes that connect the sample box and the pump
box were covered with a small piece of paper to prevent erosion of sands through the holes.
The papers had several pinholes that were used to release the air in the sample during the finger
tests.
2. Installation of the spacer: Two spacers were used to reduce the width of the sample.
3. Preparation of the bottom drainage layer. This layer consisted of sand left on the #25 sieve
originating from the 40P sand. 125 g of this coarse sand fraction was rained evenly into the
sample box using a funnel. The final height of the bottom layer was 2.3 cm. No filter was
placed on top of this layer.
4. Measurement of the weight of the box, m1
5. Preparation of the main layer.
(1) The window chimney and the MIT diffusive rainer were placed on top of the strongbox.
(2) One wire mesh was set in the rainer at a height of 20 cm from the top edge of the
strongbox. (It was confirmed that one mesh was sufficient to diffuse the falling sands to a
uniform state.)
(3) The 25-40 sand was poured into the sand storage box of the rainer and leveled by an
aluminum plate.
(4) The sand was rained into the sample box. The level of the accumulated sand was monitored
through the lexan window. This process normally took about one minute before the height of
the sand layer exceeded, by one centimeter, the designated sand level, which was 13.2 cm
from the box base or 5.0 cm from the ultimate top level. It is noted that the amount of sand that
can be contained in the sand storage box is normally sufficient to form the main layer in one
raining process. However, in cases where it was not sufficient, the front cover of the rainer
was removed, and the sand that had not gone into the sample box was taken out to fill the
storage box again. There was concern that this procedure might induce a discontinuity in the
sand medium, but no obvious effect on the finger profiles was observed.
(5) To make the sand layer as dense as possible, the window side of the box was evenly tapped
on the lexan window with a plastic hammer. The tapping was continued until no more
subsidence of the sand surface occurred. Usually the subsidence was a few millimeters.
(6) Since the surface of the sand right after the raining was irregular, and since there was an
excess amount of sand to be removed, a special device was used in order to form a flat surface.
The device (see Figure 4.2) was made of a thin aluminum plate whose width was less than
each sample width to allow a few sand grains to go around while raking and sweeping. The
length of the device that goes into the sample box was adjusted by two paper clips. Due to
static-electricity, the inner side of the window was covered with sand particles. It was
anticipated that if these sand grains left unremoved, the window area might serve as a preferred
flow path in the top layer. Therefore, the sand particles were wiped with a paint brush
moistened with water.
(7) The surface of the main sand was covered by a strip of tissue paper to prevent fine sand
particles from the top layer being transported into the main layer during the finger tests.
6. Measurement of the weight of the box, m2: The bulk density, y, dry density, y d, void ratio, e,
and relative density, D, of the main layer were computed using the following equations:
mn - m (g)S30.5(sample length)sample 13.2(smple height). (sample width X an 3)
Yd Vt1+ 0.0017(- wN,the natural water content of the sand)
e 2.64(- G,)1
Yd
0.85(- e.) - eD,-
0.85 - 0.59(- e i )
7. Preparation of the top layer. The same procedure when making the main layer was adopted,
except that two wire meshes were installed in the rainer. The surface of the top layer was
protected by a strip of paper filter whose thickness was about 0.4 mm. When applying the oil
through the shower device, this paper protected the top fine sand layer against erosion.
Figure 4.3 shows the dimensions of each layer. The height of the main layer was 13.2 cm
and that of the top layer was 5.0 cm; therefore, the total height of the three layers was 20.5 cm.
Since the slot for the oil return was cut 1.5 cm from the top edge of the box, the ponded depth of
oil on top of the sand sample was 0.9 cm. As it was observed that there was a 1 mm rise of the oil
surface due to capillarity, the actual pond depth was regarded as 1.0 cm.
While the sand used in most of the experiment was initially dry (w,-0.17%), the sand
media for the test, katsu 9, had a moisture profile in it. For this test, the sample box was saturated
by water, which was fed through the drainage holes that were used to connect the sample box and
the pump box. After the pump box was filled with water, the sample was left to saturate overnight.
The following day, it was drained under a centrifugal acceleration equivalent to 4.2 G for 20
minutes.
4.3.2 Finger Test Preparation
Before the strongbox was mounted on the platform of the centrifuge machine, a 1cm x 1cm
reference grid was attached to the outside of the lexan window, and the connection to the oil
delivery system was made. The oil was poured into the oil storage box after the strongbox was
mounted on the platform, and just before the finger test commenced.
The reference grid used in the experiments covered 25cm in the horizontal direction and
18cm in the vertical direction, as shown in Figure 4.4: the upper right corner of the grid was
assigned as the origin, (x,y)=(0,O). Because the CCD camera with the super wide angle lens was
placed very close to the window, a point on the grid shown in the monitor does not correspond
exactly to the same point on the sample. (For example, in Figure 4.5, the point A on the grid reads
somehow upper point on the sample, A'.) This trend is significant toward the periphery. To
correct this difference, a calibration diagram that correlates the points on the sample to the points on
the grid was prepared. First, a pattern of 1cm x lcm squares was placed inside the lexan window
so that the pattern matched exactly to the grid pattern that was attached to the outside of the
window. Next, the image on the monitor was closely examined to make the calibration sheet. After
this examination, each line of the grid was given an actual location on the sample. For example, the
line x=5 on the grid was actually x '--4.6 on the sample, while y=13 on the grid corresponded to
y '=13.1 on the sample (see Figures 4.4 and 4.5). Note that this examination was conducted when
the distance between the tip of the camera lens and the object (here the grid) was 14 cm.
4.3.3 Centrifuge Testing
The centrifuge tests were carried out under varying G-levels, from 3.8 G to 11.0 G. Since the
weight of the base plate plus the strong box was about 30 kg, it was possible to apply up to 200 G
to the test sample in principle. However, since it was postulated that the finger patterns would not
be two dimensional under very high G conditions, only G-levels up to 11 G were used in this
study.
For the minimum G-levels, there was concern that the platform might not swing up to the
vertical position, which might complicate the direction of the G force in the sample. In fact, this
behavior was observed under centrifugal accelerations of less than 4 G; however, with respect to
the measured data, its effect seems to be minimal.
It usually took approximately 5 minutes to finish the centrifuge tests. Figure 4.6 illustrates
a typical operation sequence during a test. The G-level was increased to the designated G-level in
one minute, and was then held constant until the test was finished. The peristaltic pump was turned
on after a stable G-condition was established. The test was considered finished when every finger
had reached the base of the sample, or had stopped traveling for more than a few minutes. When
each test had finished, the machine speed was reduced to zero in seconds, in order to conserve the
finger patterns at the test G-level. The pump was stopped before this deceleration. The image data
from the CCD camera were recorded throughout all tests.
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4.3.4 Post Test Measurements
The data relating to finger width and separation were collected by visual observation. The data
collection was done as soon as possible following the end of each test, to eliminate the possibility
that oil collected at the bottom of the sample box might alter the finger profiles.
Chapter 5
Test Results and Data
5.1 Introduction
This chapter presents the results of the infiltration tests, which were used to estimate the sorptivity
of the oil into the sand medium, and the finger tests that were performed using the MIT
geotechnical centrifuge. Four infiltration tests were carried out using two types of column
apparatus, each having a different internal diameter. The sorptivity was estimated using the "best
fit" method that matched the infiltration test data with an explicit infiltration formula. Eight finger
tests were conducted both on the centrifuge machine, for examination of this phenomenon under
high G conditions, and on the laboratory table, for examination of this phenomenon under 1G
conditions. The data of finger width, finger separation, and finger velocity were obtained from
visual observation. It is shown that each parameter scales very well with increasing G-level.
State properties of the sand medium for each test, such as bulk porosity, were computed
using basic soil properties in conjunction with volumetric and weight measurements. These basic
properties were measured in a separate series of tests, and the results of these measurements are
presented in Chapter 3.
5.2 Estimation of Sorptivity
5.2.1 Methods to Fit the Data
Two methods to estimate sorptivity, both of which utilize the data obtained by infiltration tests, are
explained here. One method uses an infiltration equation proposed by Philip [1957], and the other
uses the explicit infiltration equation proposed by Barry et al. [1995].
According to Philip [1957], the cumulative infiltration, I, is expressed by the following
equation;
1
I - St2 + At, Eq.(5.1)
in which S is the sorptivity of the porous medium, and A is a parameter that is related to the
hydraulic conductivity of a porous medium, K1, in which the infiltration occurs. The parameter, A,
is equal to K,, when t is large. On the other hand, A is approximately K1/3 when t is small. It is
noted that, K, is usually reported to be smaller than the hydraulic conductivity of the saturated soil,
due to entrapped air in the infiltration zone [Marshall and Holmes, 1988].
The sorptivity can be obtained by fitting the experimental data with a regression curve
described by Eq.(5. 1). This was done with the help of the computer software that has been used to
draw all plots in this thesis, Kaleida GraphTm.
The latter method to estimate sorptivity uses the explicit infiltration equation reported by
Barry et al. [1995]. This method can estimate two parameters, the hydraulic conductivity and the
sorptivity, simultaneously, by using a "best fit" method. The fitting curve is determined by the
following explicit formula.
P .t*+1-y-exp -
1+ Eq.(5.2)
S exp 
-(1- y)(t*) + (2y + t*) In 1 +
where I*: nondimensionalized infiltration,
t*: nondimensionalized time, and
y: introduced parameter.
These three parameters are a function of hydraulic conductivity, K, sorptivity, S, porosity, n
(=AO), h,• r and h,, as shown in the following equations:
2AK
P = (I- Kt) 2AK Eq.(5.3a)
S' + 2Kh, AO
2t(AK)2t* 2t(AK) Eq.(5.3b)
S2 + 2Ksh)sAO
2K,(h , + h,)AO
SS2 + 2Kh, AO Eq.(5.3c)
where Ki is the unsaturated hydraulic conductivity at the initial moisture content, K, is the saturated
hydraulic conductivity and AK=K,-K,. Since the initial moisture content is almost zero, Ki is much
smaller than K,. Therefore, AK can be replaced with K,. In addition, the cumulative infiltration, I,
in Eq.(5.3a) is of a similar order to K. and thus (I,-Kt) in this equation can be reduced to I. Then,
Eq.(5.3a) and (5.2b) can be rewritten as follows:
2K,PK = _ It al Eq.(5.4a)S2 + 2Kh,, A
2(K~)t* - t . ft Eq.(5.4b)
S 2 + 2Kshj AO
As defined in the above equations, a, p and y are a function of the measured parameters, such as
porosity, hIM and h1, and the parameters to be determined by the fitting process.
The "best fit" process is basically a repeated trial to examine which combination of K, and
S (or S2) renders the "best fit". Here, two indices are introduced to evaluate the degree of fitting.
One is the summation of a squared difference between the measured data and the calculated fitting
result for each point of time (see Figure 5.1(a)). If the fitting curve is moving closer to the
measured data, the index approaches zero in principle. At first, the degree of fitting was judged
only by this index, but later it was found that a minimum index did not necessarily produce the best
fit. For example, looking at the two cases shown in Figure 5.2, the upper case, which looks better
than the lower case with respect to the degree of fitting, gives a larger index than the lower one. To
resolve this situation, another index was defined. The second index was the average of the ratio of
the gradient of the fitted results for each time step, to the gradient of the measured data for the same
time step (see Figure 5. 1(b)). If the fitting is perfect, this index must be equal to unity. In fact, it is
possible to get unity for completely different fitting parameters, because it is merely an average of
numbers. However, by defining the range of the fitted parameters through use of the first index,
followed by scrutinizing the range through use of the second index, one can get the "best fit."
5.2.2 Results of the Infiltration Tests and Fitting
Table 5.1 lists the settings of each test, and Table 5.2 summarizes the parameters estimated by the
two methods. Table 5.3 presents the cumulative infiltration data with time. It is noted that the
infiltration, I, in Table 5.3 was obtained by multiplying the measured location of the downward
seeping front by porosity. Figure 5.3(a) shows the cumulative infiltration and the fitting curve by
Eq.(5. 1), while Figure 5.3 (b) shows the fitting results by the explicit infiltration formula.
The measured porosity of the sand samples varied from 0.355 to 0.378 although the
method to pack the sand was the same for each test, i.e., pluviation. The pond depth, h,
describes the distance from the surface of the packed sand to the top edge of the cylinder. The pond
depth may vary during the test because the oil is poured manually to handle an initial rapid
infiltration and the ensuing constant seepage. However, since it was intended to maintain the level
of the oil surface at the same level as the top edge of the cylinder, an additional head due to
meniscus formation was not considered. The parameter, h,, is defined as the pressure head
necessary for a continuous air phase to become established in the soil [Barry et al., 1995].
Although the magnitude of h, was not explicitly measured in this research, it was considered
reasonable to use 0.2 cm for this property, because Culligan et al. [1996] adopted the same value
for a sand with a similar grain size distribution to that used here.
With regard to the latter method used for determining S, another approach was performed
using the measured saturated hydraulic conductivity, K,= 1.27x10-2 cm/sec, described in Chapter 3.
As the saturated hydraulic conductivity determined by the "best fit" was K, = 1.94 x 10-2 (cm/sec),
the measured hydraulic conductivity was smaller than the values determined by the "best fit" by 30
to 40 percent. Applying the measured hydraulic conductivity to the fitting procedure, the calculated
sorptivity, which is accompanied by an optimum range of the indices, is between 7x10 2 and
1.5x10-1 cm2/sec. This value is larger than the "best fit" sorptivity, but is less than twice as large.
However, considering the excellent reproducibility of the infiltration tests, as can be seen in Figure
5.3, and the dependency of the hydraulic conductivity on the porosity, which was seen to vary
slightly for each test, the "best fit" method was considered reasonably acceptable to determine the
parameters used in the following discussion.
5.2.3 Prediction of Finger Width
As was discussed in Chapter 2, the finger width can be predicted by the following formula:
w - Eq. (5.5)
AO*KI1--
where X• is the finger separation. Since the finger width cannot be larger than the finger separation,
the magnitude of ( !t) is always less than unity. Therefore, it is possible to define a minimum
finger width, wi, in order to discuss the finger width prediction. Note that the ratio, W. , can be
empirically obtained later. From Eq.(5.5), w, is given by
3r.s2
Wnin = Eq. (5.6)AOKS
The prediction of the minimum finger width is also summarized in Table 5.2 (the S2 values
obtained by the explicit infiltration formula were used to compute w,.) These results are
discussed in the following chapter.
5.3 Finger Tests
The uniform downward flow of the oil in the top fine-particle layer becomes unstable when it
reaches the boundary between the upper sand layer and the main sand layer, where the hydraulic
conductivity suddenly increases. Figure 5.4 shows the typical picture of fingers that was
developed under 5.2 G conditions. The fingers have a relatively uniform width along their depth
This observation was also made by Glass et al. [1989b,c]. In addition, there seems to be a
variation in the seepage velocity of the fingers with time; however, it was observed that well-
defined fingers tended to have a constant velocity, whereas less well defined fingers had varying
velocities. It is noted that the picture reproduced in Figure 5.4 was taken a few minutes after the
centrifuge test was finished, which gave some time for the undrained oil at the base of the sample
to rise by capillary forces.
The data of the finger tests are summarized in Table 5.4, together with relevant information
about the test settings. Figures 5.5(1) to 5.5(8) show the developing profiles of the fingers over a
certain interval of time. These figures were prepared by tracing printouts from the computer that
was used to process the recorded video images. In this series of figures, katsu 2, 3 and 11 are not
included because the video images were not clear. It is noted that broken lines in these figures
represent fussy or disappearing contours of fingers. It is also noted that the numbers in these
figures match the finger numbers in the corresponding data sheets, Tables 5.5(1) to 5.5(11). The
finger width, the finger separation and finger velocity were all defined using the reference grid that
was attached to the outer side of the window. Figure 5.6 illustrates a representative finger whose
right boundary is located at x=A on the grid, and whose left boundary is located at x=B. All finger
properties were defined by making use of the grid, as explained in the following subsections.
Among the eleven tests conducted, nine tests were carried out with the oil for the infiltrating
fluid and with packed dry sand for a porous medium. In addition, one test, katsu 9, investigated
the effect of an initial moisture profile in the sand medium, and another test, katsu 11, used water
for the infiltrating fluid. The assumed moisture content profile for the test, katsu 9, is shown in
Figure 5.7. This profile was obtained from water content measurements taken from a sand sample
identical to the katsu 9 sample, which was first saturated with water and then drained for 20
minutes under 5.2 G conditions.
The width of the sample box was set to be 2.3 cm in order to make it possible to clean the
box easily. However, the sample width was reduced with spacers having a thickness of 12 mm or
3 mm, to render clearer finger patterns, especially for the higher G conditions. As stated in the
paper by Glass et al. [1989c], it is important that the sample box has a reasonably thin width to
achieve fully developed two dimensional finger patterns. In other words, the width should be no
smaller than the expected finger width. However, it was observed that the effect of the sample
width on the clarity of finger profiles was not so eminent compared to other factors, such as the
direction of the shower device that was used to introduce oil onto the sample surface (see Figure
3.4).
5.3.1 Finger Width and Separation
The finger width was defined as the horizontal distance between A and B, i.e., the magnitude of B-
A, and the finger separation was defined as the interval between the horizontal positions,
x=(A+B)/2, of adjacent fingers. It should be noted that the finger width data for each finger was
collected at a certain level, for example, at y=L as shown in Figure 5.6, because the fingers were
observed to meander or change their widths along their path length as seen in Figure 5.4. In
addition, it was observed that the fingers appeared to interfere with each other at a certain level
below the boundary between the upper sand layer and the main sand layer. For example, the
fingers numbered 6 and 8 in Figure 5.5(4) developed fully after passing y=75mm. Normally y=L
was selected at y=100mm, which was 50mm from the sand-interface boundary, to y= 130mm.
It is worth noting that Glass et al. [1989c] obtained finger width by dividing the area of a
finger by its length. This definition certainly works well if the fingers are well defined, as reported
in their paper. However, the fingers observed in this study were often less well defined, which is
the reason why the definition mentioned was adopted. An explanation for why the fingers in this
study were less well defined will be presented in Chapter 6.
The data of A and B were collected immediately after each test. Although it was an initial
concern that the width of the fingers might thicken due to the reduction in G-level following a
centrifuge test, little change was observed when the video image taken during the test was
compared with the visual image after unloading.
Figure 5.8 shows a plot of the finger width data against the inverse of the G-level. The
solid line in the figure is a linear regression of the data for the oil infiltration into dry sand. The
broken line, which is a linear regression of the finger separation data, is presented for comparison.
In contrast, Figure 5.9 presents a plot of the finger separation data, with the broken line
representing the finger width data. Each character in these figures gives the average of the data for
each test, while the error bar shows the standard deviation. The following conclusions can be
drawn from these figures:
* Both the finger width and the finger separation scale very well against the inverse of the G-
level.
* The observed finger widths show less variance than the observed finger separations.
The results for the test conducted in partially saturated sand are also presented in Figures
5.8 and 5.9, and a picture taken after the centrifuge test is presented in Figure 5.10. These results
show that the finger width and the finger separation for the wet sand medium are both smaller than
those for the dry sand medium. The plots for the water fingers can be found on the same figures.
The average width of the water fingers was a little larger than that of the oil fingers, whereas the
separation of the water fingers was much larger than that of the oil fingers.
5.3.2 Finger Velocity
The finger velocity data were obtained by dividing the vertical length of the selected observation
zone by the time for fingers to travel through it. Usually the zone lying between y=70mm and
y=130mm was selected for this purpose, unless the observed fingers were disturbed or
undeveloped in this zone. The measurements for the finger velocity were conducted on the video
monitor used to replay the tests. It should be remembered that the distance on the grid that appeared
on the monitor was not the exact distance in the sample box, as explained in Section 4.3.2.
Figure 5.11 shows the scaling of finger velocity with varying G-level. It can be concluded
that the finger velocity scales very well with G-level. The average finger velocity for the water
finger at IG conditions, which is also shown on this figure, is about 8 times larger than that for
the oil fingers.

Chapter 6
Data Interpretation and Conclusions
6.1 Introduction
This chapter discusses the results of the infiltration tests and the finger tests, in light of the
objectives of this study. As stated previously, the objectives of the study are (1) prediction of the
finger width and (2) investigation of the scaling of the finger properties using the geotechnical
centrifuge. From the data presented here, it can be concluded that the scaling of the finger
properties fares well; however, there is still room for further investigation with respect to the
prediction of the infiltration parameters that govern the predictions of finger width.
6.2 Infiltration Tests and Sorptivity Estimation
In this section, the estimated and measured sorptivity and hydraulic conductivity data are first
compared. Next, three approaches to evaluate the sorptivity, which is used to estimate the finger
width, are discussed, together with an evaluation of the hydraulic conductivity data. Based on the
estimated sorptivity and hydraulic conductivity, the finger width is then predicted and compared
with the actual property measured during the finger tests.
6.2.1 Comparison of Data
As shown in Figures 5.3(a) and (b), all tests that used the same fluid as the infiltrating fluid
produced almost identical curves, each of which exhibited the typical trend of a cumulative
infiltration curve. Thus, the data from the infiltration tests seem to be satisfactory. One thing that
should be addressed is that the data set of TEST 1 lies slightly above the data sets describing
TESTs 2 to 4. This is most likely to be explained by the difference in porosity between these tests
(TEST 1, porosity=0.378; TESTs 2 to 4, porosity=0.355-0.365). At a higher soil porosity, it is
reasonable to expect a greater cumulative infiltration at an equivalent time.
Table 6.1 is the summary of the data on hydraulic conductivity and sorptivity, obtained by
both the infiltration tests and direct measurement (constant head method). In the table, the
sorptivity data, S, are the square roots of the data, S2, shown in Table 5.2. Looking at this table,
the following points can be noted:
1. The sorptivity by the explicit infiltration formula and that by the formula proposed by Philip
[1957] are in excellent agreement for both kinds of fluids.
2. The hydraulic conductivity by the explicit formula is 1.5 times larger than that by direct
measurement for SOLTROL 220. For water, the proportion is 2.8.
3. The estimated ratio of the sorptivity, S, for water to that for the oil is about 2.4. This ratio is
smaller than the value computed in Section 3.2.2 (i.e., 3.4), which incorporated the intrinsic
sorptivity of the medium.
4. The ratio of the hydraulic conductivity, K,, for water to that for the oil varies by the methods: it
is 6.70 by the explicit formula, and 3.69 by measurement. Both values differ from the value
computed in Section 3.2.2, which is 5.
Discussion for point No. 1
The results that were obtained by the explicit infiltration formula and the Philip's formula agree
very well with each other. Though the Philip's formula lacks the ability to estimate the saturated
hydraulic conductivity, the formula simulates well the early stage of the infiltration, where the
sorptivity plays an important role.
Discussion for point No.2
As shown in Table 6.1, the porosity of the packed sand medium does not vary a lot between the
different infiltrating fluid tests. In addition, it is unlikely that any air bubbles were trapped in the
sand medium during the hydraulic conductivity measurement, because a vacuum was applied to the
sample prior to saturation and subsequent testing. Thus, it can be presumed that this difference in
hydraulic conductivity might be attributed to the difference in the systems; that is to say, the
medium is initially dry for the infiltration tests, whereas the medium is saturated with the fluid for
the hydraulic conductivity measurement.
Discussion for point No.3
The value, 3.4, was computed assuming that the contact angle for both fluids (oil and water) is the
same, because it was very difficult to determine the contact angle by measurement This
assumption, if incorrect, would lead to an error in the calculated ratio of sorptivity of water to that
of oil. Another source of error could be the effect of temperature. For example, the viscosity of
water is somehow sensitive to a change in temperature, as an increase in temperature by 5"C from
20 "C results in a decrease in viscosity by 11% (1.003x10 3 (N s)/m 2 to 0.890x10 3).
Discussion for point No.4
Both sand media that were used for the constant head tests had the same porosity and were
prepared with the same procedure; in other words, they should have had the same fabric or the
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same intrinsic permeability. Therefore, it was expected that the ratio obtained by measurement
would be close to the ratio obtained by the parametric analysis, 5.0. However, the ratio based on
the measurement was almost 30 % smaller than the expected ratio. The reasons for this might lie in
the temperature dependence of the parameters and a simple measurement error.
6.2.2 Estimation of Sorptivity and Hydraulic Conductivity
Three approaches to estimate sorptivity are explained below.
From the infiltration tests
Since almost the same results were obtained by the two formulae regarding the sorptivity
estimation as described in the previous section, only averaging and rounding of the infiltration test
results were adopted. This led to values of S=2.6x10-1 (cm/seco s) for SOLTROL 220 and
S=6.2x10-1 (cm/seco s) for water in the sand material.
From the grain size distribution
Parlange [1975] reported the following approximate formula to estimate sorptivity,
S2 =-f(6+0, -20)D(0)d . Eq.(6. 1)
0o
In the formula, 6e and 00 are the initial moisture content of the porous medium and the moisture
content at the finger, respectively. D(8) is the diffusivity of the medium, and is defined as
dh
D() - K()- Eq.(6.2)dO
where K(O) is the hydraulic conductivity as a dependent of the moisture content, and h is the fluid
pressure in each pore. It is assumed that the moisture content at the finger is equal to the moisture
content at saturation, i.e., the porosity of the medium, though, in reality, a distribution of the
moisture content in fingers has been reported [Glass et al., 1989b].
To obtain the diffusivity of the medium, the hydraulic conductivity and the fluid pressure
must be expressed as a function of the moisture content. The soil water retention curve, which
defines the relation between h and 0, is normally obtained by simultaneous measurements of soil
water content and water pressure either in a laboratory or in situ. However, such measurements
were not conducted in this study; therefore, the retention curve was estimated using the grain size
distribution as reported by Haverkamp and Parlange [1986]. The following steps were used for
this estimation (for details, refer to the aforementioned paper).
1. Curve-fitting the grain size distribution, F(d), (see Figure 3.1) with the following relationship
F(d) I M, Eq.(6.3)
1
where dg is a constant, and m - 1- -
n
2. Estimation of a pore size distribution index, A , and a packing coefficient Y , by the formulae,
which were obtained by Haverkamp and Parlange by the regression of the data from 10 sands.
i -0.0723ppd.84' 8  Eq.(6.4)
y - 17.1736 - 4.7043A + 0. 1589A Eq.(6.5)
min which Pa is the dry bulk density, and y - - is the particle index.
1-m
3. Estimation of the "air entry" pressure value h, by
h 0.149d - 1 h( Eq.(6.6)
S ds, h(0,)
and
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1+ A'(1 11 - Eq.(6.7)
h(O,) h(=O )h
where O, - is the water content value, Os is water content at natural saturation, and e is1+X
the total porosity.
4. Prediction of O(h)
0 - h~ for h>h, Eq.(6.8)
E0= ei ( ~ h for h,,sh<h,, Eq.(6.9)
and
0=0 s for h:h,. Eq.(6. 10)
Note that Eqs.(6.3) to (6.10) are slightly modified from the original formulae that appeared in the
paper; for example, some ks were replaced with )A for the sake of consistency.
Basically, it is possible to obtain O(h) following the steps described above. However, it
was found that the curve fitting to the grain size distribution for the 25-40 sand was indeterminate.
Figure 6.1 shows the results of the fitting with two different parameter sets. Although the two
fitting curves are very close together, the resultant air entry pressures, h,, show a big difference:
h,-489.40 (cm) for d,=0.590 (mm), and h,= 13.8 (cm) for d,=0.591 (mm). The reason for this
indetermination may be that the grain size distribution is too uniform to fit reasonably. To verify
Eq.(6.3), it was attempted to fit the data for the 40P sand, and this fit gave a reasonable result:
h.=30.77(cm) at d,=0.401(mm) and m=0.82456 (the curve is also shown in Figure 6.1). In
conclusion, the estimation of the sorptivity by curve-fitting the grain size distribution was not
successful.
From another study
It is possible to make a rough estimation referring to published results about sorptivity. Culligan et
al. [1996] obtained the sorptivity for water infiltrating a uniform sand medium whose mean grain
size was 0.6mm, comparable to this study, using the explicit infiltration formula. Their estimated
sorptivity for water was lx10I ' (cm/secos). As shown in Table 6.1, the ratio of the sorptivity of
water to that of the oil is 3.4, assuming that the temperature is not a disturbing factor and that the
contact angles for water and the oil are identical. Therefore, the sorptivity of the oil to the sand
medium can be computed as 2.9x1072 (cm/sec0's).
6.3 Finger Width Prediction
The minimum finger widths computed by Eq.(5.6) with the estimated sorptivities evaluated in the
previous section are presented in Table 6.2. For the estimation, two hydraulic conductivity data,
which are found in Table 6.1, were used, although the measured data are expected to be more
reliable.
The finger tests show that the average measured finger width under 1G conditions is 2.68
cm (katsu 1 and katsu 7). Among the four predictions presented in Table 6.2, the upper two
predictions for minimum finger width are a little smaller than the measured finger width, whereas
the lower two predictions are more than 10 times larger than the measured one. This trend is also
observed in the prediction for water infiltration (lower table in Table 6.2).
It should be noted that the minimum finger width should be corrected by the factor,
1- , to obtain a prediction for the actual finger width, as shown in Eq.(5.5). Figure 6.2
shows the effect of G-level on the ratio, -2-. The trend seen in the figure is that the factor
decreases as the G-level increases. Since the ratio must be invariant with G-level according to the
scaling principle, explanations for the higher ratio at 1G conditions and for the lower ratio at 11.OG
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conditions must be made. (Between these two G-levels, the ratio takes an almost constant value of
0.55 for the oil.)
At 1G conditions
As can be noticed in Figures 5.5(1), (5) and (8), the fingers under 1G conditions look wider
compared to those under higher G conditions. However, it can be noted that the finger width, as
well as the number of fingers, is decreasing toward the base. (This trend can be better perceived
for the higher G-levels.) Therefore, it is possible to hypothesize that the fingers observed under 1G
conditions are under development, and the ratio might be smaller if the strongbox were high
enough to cover the full finger development.
At 1.0G conditions
The finger width under this G-level is less than a half of the sample width; e.g., the ratio of finger
width to sample width is 4.4mm to 11mm, respectively, in katsu 3. Therefore, it is possible to
hypothesize that the fingers had three dimensional patterns during this test, in which case some
fingers might have appeared on the lexan window, and some might not have. Though three-
dimensional fingers are expected to have diameters of 4.8/n times that of two-dimensional fingers
according to Glass et al. [1992], the width of a finger that appeared on the window might well
have been smaller than its real diameter. Thus, the fact that the width of the observed fingers was
very much smaller than the minimum predicted width for two-dimensional fingers does not belie
this argument. This hypothesis is supported by the "on-off" finger patterns that were observed at
the higher G conditions (see Figure 5.5(2)).
At this point, it should be noted that the location of the dripping points, where the oil drips
from the shower device and hits the sample surface, also affects the finger patterns. If the dripping
points are closer to the lexan window, the patterns tend to be clear. On the other hand, if the
dripping points are closer to the back wall, the patterns tend to be fussy. (Compare Tables 5.5(2)
and (10), both of which are conducted under 5.2G conditions.)
wIf the ratio, W-, is assumed to be 0.55 for the oil (0.70 for water), the prediction of the
actual finger width can be undertaken. Table 6.3 undertakes this prediction. The results given in
this table show that:
* The best prediction is given using the sorptivity by the parameter analysis using the referred
value and the hydraulic conductivity by direct measurement.
* The estimation by the explicit formula does not lead to a satisfactory prediction, although the
results of the infiltration tests looked promising.
It should be noted that every datum used for the prediction has a certain margin of error: i.e.,
measurement errors or errors based on the crude assumptions. Hence, to perform a more reliable
prediction, it is necessary to conduct well-planned tests accompanied by the close evaluation of
errors.
Heterogeneity in the sand media must also be addressed in any discussion of fingering
patterns. Glass et al. [1989b] point out the heterogeneity was responsible for the complicated
patterns observed by themselves, such as meandering and merging. Browsing Figures 5.5(1) to
(8), some fingers certainly merge with each other, and slight meandering can be perceived,
although maximum attention has been paid during the sample preparation. However, a few
processes explained in Chapter 4 might have caused heterogeneity in the sample. Tapping on the
window, to densify the samples, might cause heterogeneity in a direction perpendicular to the lexan
window. This might be a contributing factor to the observed "on-off" patterns in fingering.
Another possible source of heterogeneity might have been created by the discontinuous raining for
the main layer, as mentioned in Chapter 4, although this heterogeneity seems to be minimal since
an abrupt change in finger pattern was not observed during any of the tests reported here.
6.4 Scaling of Finger Properties
If the scaling rule for increased G-levels can be applied to the finger properties, the width and
separation of the fingers should decrease in inverse proportion to the G-level, and the velocity of
the fingers should increase in direct proportion to the G-level. The results shown in Figures 5.8,
5.9 and 5.11 confirm that the rule works very well. The regression lines for each property should
be effective only for the 25-40 sand; therefore, no further discussion, such as derivation of general
formulae, which incorporate G-levels and properties of sand media, can be made. In this section,
the separation of the fingers are first compared with the estimated wavelength, as described in
section 2.2.1, and then the velocity of the fingers is examined with regard to the hydraulic
conductivity of the medium. Next, the finger width and separation developed in the wet sand is
discussed.
6.4.1 Finger Separation
The separation of the fingers are directly related to the critical wavelength, %c , which is given by
Eq.(2.2). Each factor in this equation, except velocity, is not influenced by increased G-level;
therefore, the critical wavelength should scale as G-0. s if the approach by Chouke et al. [1959] is
correct. However, the test results showed that the finger separation scales as G-.
To investigate the validity of the formula for critical wavelength proposed by Chouke et al.
[1959], its value is calculated with estimated properties, such as the intrinsic permeability, k, the
critical velocity, vc, the velocity of the uniform front, v, and the effective surface tension, o*.
Intrinsic permeability, k
As presented in the equation in section 3.2.2, an intrinsic permeability can be computed with a
measured hydraulic conductivity, K, and the density and dynamic viscosity of the infiltrating fluid,
p and t, respectively. Using the measured hydraulic conductivity in Table 6.1 and the fluid
properties in Table 3.3, the computed intrinsic permeability using the SOLTROL 220 data is
6.7x10 "7 (cm2), and that for water is 4.3x10-7 (cm2). Since the intrinsic permeability is independent
of the kind of fluids, the intrinsic permeability of the porous medium is computed to be 5.5x10 7
CnM by taking the average of the results for both fluids.
Critical velocity, vc
Substituting the intrinsic permeability computed above and the properties of the displacing fluid
(SOLTROL 220) and displaced fluid (air) into Eq.(2. 1), the critical velocity is calculated to be
0.011 (cm/sec).
Velocity of uniform front, v
The finger velocity at 1G conditions was measured to be 0.16 cm/sec in katsu 1 and 0.15 (cm/sec)
w
in katsu 7. Taking the average, and assuming that the ratio, -~, is 0.55, the velocity of the
uniform front is computed to be 0.0083 (cm/sec).
Effective surface tension, o*
The effective surface tension can be estimated using Eq.(2.3). In this equation, the macroscopic
dimension, L, which describes the macroscopic curvature across the front between two immiscible
fluids, might, for example, be taken as 100 times of grain diameters, assuming that soil packing
irregularities in the horizontal direction are repeated every 100 grain diameters. Thus, the calculated
effective surface tension is 2.0x10 s (dyne/cm), when it is assumed that the surface tension, a, is
equal to 25.3 (dyne/cm).
Using these results estimated above, the critical wavelength, Xc, is calculated to be about
200 cm. This result is larger than the observed results by two orders of magnitude.
6.4.2 Finger Velocity
The maximum finger velocity, v , can be expressed by the following equation:
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K svm = sEq.(6.11)(0, - ,)
where K, is the saturated hydraulic conductivity, 0, and 6i are the moisture content at saturation and
at the initial condition, respectively. Using the hydraulic conductivity determined by direct
measurement, K,=1.29x10-2 (cm/sec), the maximum finger velocity is calculated to be 3.5x10-2
(cm/sec). Since the measured finger velocity at 1G conditions is equal to 1.5x10-2 (cm/sec), which
is less than the maximum finger velocity, it can be concluded that the fingers are not fully
saturated, an observation that has already been confirmed experimentally by Glass et al. [1989a].
For water, v,= 0.126 (cm/sec), which is the same value as the measured finger velocity. Thus,
the degree of saturation within the finger may be higher for water than for the oil.
6.4.3 Fingers in Wet Sand
The width and separation of the fingers that developed in the wet sand medium were smaller than
those developed in the dry sand. If the medium is dry, the oil is a wetting fluid. On the other hand,
if the medium is initially wet with water, the oil is regarded as a nonwetting fluid. Homsy [1987]
explains the two cases using the concept of shielding and spreading. If the fluid is wetting, the
fluid can propagate into the porous media (spreading behavior). If the fluid is nonwetting, the fluid
does not easily push its way through the wetting fluid (here, water) in the porous medium, thus the
behavior is shielded. Hence, that smaller fingers were seen to develop in the partially saturated
sample is in agreement with expected behavior.
6.5 Conclusions
To investigate the flow instability of LNAPL in a porous medium, six infiltration tests and eleven
finger tests were carried out. The sorptivity of the system was estimated by fitting the data obtained
in the infiltration tests, and by referring to published sorptivity data. The saturated hydraulic
conductivity of the medium was both independently measured and evaluated. Based on the
estimated sorptivity and hydraulic conductivity, the finger width was predicted and compared with
the actual data obtained during the finger tests. Furthermore, the scaling of the finger properties
was discussed. The conclusions of this study are:
1. The infiltration tests were successfully performed, and the sorptivity was estimated using the
test data.
2. The predictions of the finger width were made by two sorptivity estimates and two hydraulic
conductivity estimates. The best prediction was given by the referred sorptivity and the
measured hydraulic conductivity.
3. The scalings of the finger properties were proved to be valid.
6.6 Reconummendations
Several points to improve data are suggested as follows.
Sample preparation
In this study, very uniform and clean sands were prepared to create a distinct difference in
hydraulic conductivity between the upper soil layer and the main soil layer. This certainly worked
to serve that purpose; however, it made it difficult to estimate sorptivity using curve-fitting
procedure proposed by Haverkamp and Parlange [1986]. Too much treatment on the sands may
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have inadvertently complicated the infiltration phenomenon. It is recommended in future work to
use the sand in a natural condition as possible.
Additional efforts to prepare homogeneous samples should be made. Tapping on the
window is not recommended to make a denser sample. The vibration table or the method adopted
by Glass et al. [1989b], lifting the filled box 1.5 cm and dropping it 200 times, will probably lead
to more homogeneous samples.
Measurements
* The retention characteristics of the sand medium should be measured to estimate sorptivity.
* It is worth trying glass beads for the porous media. It may help understand the expected three-
dimensional flow patterns under higher G conditions.
* For a better video image, an S-VHS connection, instead of the current 2-cable connection, is
recommended.
Future Program
Now that the geotechnical centrifuge is confirmed to be an effective tool with which investigate
unstable flow in porous media, the following areas of study are recommended for future work:
* Three-dimensional finger tests: As is discussed in this chapter, there is a restriction in G-level
for two-dimensional tests. If the experimental system is initially designed to be able to
investigate 3-D finger patterns, there will be no restriction for the higher G-levels.
* The effect of initial moisture content in a porous medium on fingers: The preliminary test, katsu
9, was successful. However, there is still much further work to be done in this area. For
example, installation of sensors, such as moisture sensors, would provide more data on the
soil drainage process as well as the unstable infiltration process itself.
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Table 2.1 Stability of displacement for downward fluid flow
Property Scaling relationship
Gravity, g g,/gp=N
Length, L L/L,= 1/N
Particle size, d djdp=1
Stress, a odop= 1
Density, p pr/pp=l
Fluid viscosity, t Ipdj=-1
Flow velocity, v vmvý=N
Hydraulic conductivity, K KJK_=N
Capillary rise, h hh/= 1/N
Time, t ttp=/ 1/N2
Table 2.2 Scaling relationships for centrifuge modeling
Fluid properties Displacement
p>pp>, th<R always unstable
p2>p, Ix2>tLi stable if v>vc
p2<P1, pt<Rt stable if v<vc
p2<Pl, I P>ALi always stable
25-40 sand 40P sand 100-140 sand 100P sand
Specific gravity 2.64 2.66 2.63 2.65
Maximum void ratio 0.85 0.76 1.15 0.91
Minimum void ratio 0.59 0.52 0.78 0.71
Hydraulic conductivity for
water (cm/sec) 4.68E-02 5.00E-02 --- 8.00E-03
Hydraulic conductivity for
the oil (cm/sec) 1.27E-02 8.00E-03 --- 1.70E-03
Notes:
* The hydraulic conductivity of the 25-40 sand was measured for the sand whose dry
density was 1.65, i.e., the void ratio was 0.60. On the other hand, the void ratio for the 40P
sand was 0.54-0.55.
* The hydraulic conductivity of the 100-140 sand was not measured because the properties
of the fingers were determined by the characteristics of the 25-40P sand.
Table 3.1 Fundamental properties of the original sands and the processed sands
(The data for the 40P and 100P sands are rewritten from data given by Ratnam (1996))
Specific gravity ASTM D854-83
Maximum void ratio ASTM D4254-83 (funnel method)
Minimum void ratio "pepper shaker" method, Fretti et al. [1995]
Hydraulic conductivity ASTM D2434-68 (constant head method)
Table 3.2 The methods used to measure the properties or the pertinent ASTM codes
SOLTROL 220 water
Dynamic viscosity (g/cm/sec) 4.12E-02 8.90E-03
Density (g/cm3 ) 0.795 0.997
Surface tension (dyn/cm) 25.3 71.9
Boiling point ("C) 233 100
Note: The properties for water are at 25"C.
The properties for SOLTROL are reproduced from Ratnam (1996).
Table 3.3 The properties of SOLTROL 220 and water
Make Genisco Model 1231 G-Accelerator
Year of purchase 1985
Type Balance-beam type with swinging platforms
Length of rotating arms 2.74 m
Load capacity 13,620 G-kg
Maximum G-level 200
Number of electronic slip rings 24
Table 3.4 The MIT geotechnical centrifuge
Industrial color CCD
micro-camera with
Super wide angle lens
Peristaltic pump
Weight scale
Power supply for
the camera
Monitor
Videocassette recorder
Panasonic GP-KS 162
* weight: 27.5 g (including wide angle lens)
* 1.7 cm* x 6.0 cm
* DC120V, 300mA
COLE-PALMER Masterflex Pump 7553-20
* Maximum flow rate: 12 gpm
* Weight: 3.78 kg
* 26cm x 9.5cm x 11cm
Sauter EB60
* capacity: 54.43 kg
* resolution: 0.002 kg
Hewlett Packard 6216D
* DC 30V, 500mA
AIWA VX-T1400KE2
Panasonic AG-6720A-P
Table 3.5 Specifications of the peripheral apparatus
Notes:
cylinder type
cylinder type
diameter=2.54 cm
diameter=5.65 cm
The "sand preparation" is explained in the text.
h,: pond depth
h.: the pressure head necessary for a continuous air phase to become established in the soil
Table 5.1 Set parameters for the infiltration tests
cylinder sand
test type fluid preparation porosity h ha
(cm) (cm)
TEST 1 A oil detergent 0.378 1.5 0.2
TEST 2 B oil detergent 0.355 0.6 0.2
TEST 3 B oil water 0.361 0.6 0.2
TEST 4 B oil unwashed 0.365 0.6 0.2
TEST 5 A water detergent 0.377 1.5 0.2
TEST 6 A water detergent 0.363 1.1 0.2
I--
SOLTROL 220
I=St S5+At Explicit formula Estimated
minimum
test porosity S2  A r S2  K finger width
(cm2/sec) (cm/sec) (cm)
TEST 1 0.378 7.91E-02 1.52E-02 0.99973 7.30E-02 2.17E-02 28.0
TEST 2 0.355 5.60E-02 1.08E-02 0.99849 5.50E-02 1.85E-02 26.3
TEST 3 0.361 6.35E-02 1.16E-02 0.99943 6.60E-02 1.85E-02 31.0
TEST 4 0.365 6.51E-02 1.17E-02 0.99941 6.70E-02 1.88E-02 30.7
average 6.59E-02 1.23E-02 6.53E-02 1.94E-02 29.0
standard deviation 9.62E-03 1.97E-03 7.50E-03 1.56E-03 2.3
water
TEST 5 0.377
TEST 6 0.363
average
standard deviation
0.99874
0.99966
1.30E-01
1.30E-01
1.30E-01
0.00E+00
1.05E-01
8.83E-02
9.69E-02
1.21E-02
25.9
5.8
Table 5.2 Results of the parameter-fitting and the prediction of (minimum) finger width
80
3.05E-01
4.42E-01
3.74E3-01
9.68E-02
3 .40&-01
4.50E-01
3.95E-01
7.78E-02
21.8
30.0 I
TEST 2 TEST 3 TEST 4
infiltration
(cm)
0.00
0.64
0.85
1.07
1.28
1.44
1.62
1.78
1.86
2.09
2.20
2.38
2.49
(cm)
0.00
0.65
0.88
1.14
1.37
1.53
1.73
1.90
2.08
2.20
2.38
2.51
2.62
(cm)
0.00
0.66
0.89
1.15
1.39
1.55
1.75
1.92
2.10
2.23
2.41
2.54
2.65
TEST 5 TEST 6
infiltration
(cm)
0.00
1.63
2.81
3.80
4.56
5.40
6.27
6.95
7.60
8.66
9.04
(cm)
0.00
1.98
2.96
3.99
4.67
5.51
6.23
7.03
7.75
8.47
Table 5.3 Measured data of the infiltration tests
time
(sec)
time
(sec)
0
5
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
260
TEST 1
infiltration
(cm)
0.00
0.79
1.06
1.51
1.93
2.34
2.72
3.06
3.40
3.74
4.08
4.38
4.61
4.95
5.22
5.48
5.75
5.93
6.24
6.50
6.80
6.99
7.26
7.48
8.47
.-.L -- I _mji ------------------ AA-
-L

run no. katsu 1
date 5/7/96
G-Level 1.OG
fluid SOLTROL 220
void ratio 0.601
D, 95.7%
sample width 11mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 25 43 34.0 342
2 46 78 62.0 315
3 78 99 88.5 439
4 117 150 133.5 440
5 151 164 157.5
6 166 192 179.0 362
7 197 231 214.0 277
average
standard deviation
width
(mm)
18.0
32.0
21.0
33.0
13.0
26.0
34.0
25.3
8.2
separation
(mm)
7---
28.0
26.5
45.0
24.0
21.5
35.0
30.0
8.7
remarks
disapp.
velocity
(mm/sec)
0.15
0.17
0.12
0.12
0.14
0.19
0.15
0.03
Note:
t = time for a finger to travel down from 10cm to 15 cm on the grid (actual length = 52 mm)
velocity = 52 (mm)/time (sec)
Table 5.5(1) Data sheet for finger test (katsu 1)
----
.L ------------------ LJ-
run no. katsu 2
date 5/10/96
G-Level 5.2G
fluid SOLTROL 220
void ratio 0.595
Dr 98.0%
sample width 11mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 3 12 7.5 41
2 21 27 24.0 42
3 33 37 35.0 55
4 40 48 44.0 44
5 65 71 68.0 45
6 68 77 72.5 44
7 97 104 100.5 41
8 109 117 113.0 41
9 127 135 131.0 43
10 137 142 139.5 42
11 153 161 157.0 46
12 168 176 172.0 41
13 192 200 196.0 47
14 208 217 212.5 43
15 220 225 222.5 55
16 228 233 230.5 55
average
standard deviation
width
(mm)
9.0
6.0
4.0
8.0
6.0
9.0
7.0
8.0
8.0
5.0
8.0
8.0
8.0
9.0
5.0
5.0
7.1
1.7
separation
(mm)
16.5
11.0
9.0
24.0
4.5
28.0
12.5
18.0
8.5
17.5
15.0
24.0
16.5
10.0
8.0
14.9
6.7
remarksvelocity
(mm/sec)
1.50
1.46
1.12
1.40
1.37
1.40
1.50
1.50
1.43
1.46
1.34
1.50
1.31
1.43
1.12
1.12
1.37
0.14
Note:
t = time for a finger to travel from 7cm to 13 cm on the grid (actual length = 61.5 mm)
velocity = 61.5 (mm)/time (sec)
Table 5.5(2) Data sheet for finger test (katsu 2)
--- - --
II I
run no. katsu 3
date 5/13/96
G-Level 1 .0G
fluid SOLTROL 220
void ratio 0.595
Dr 98.0%
sample width 11 mm
finger A B (A+B)/2 t width separation velocity remarks
(mm) (mm) (mm) (sec) (mm) (mm) (mm/sec)
1 3 7 5 24 4.0 --- 2.56
2 13 17 15 27 4.0 10.0 2.28
3 24 28 26 4.0 11.0 fussy
4 44 48 46 21 4.0 20.0 2.93
5 57 63 60 23 6.0 14.0 2.67
6 68 72 70 4.0 10.0 disapp.
7 77 80 78.5 3.0 8.5 disapp.
8 87 94 90.5 22 7.0 12.0 2.80
9 97 100 98.5 27 3.0 8.0 2.28
10 111 116 113.5 24 5.0 15.0 2.56
11 123 127 125 28 4.0 11.5 2.20
12 140 145 142.5 23 5.0 17.5 2.67
13 150 154 152 31 4.0 9.5 1.98
average 4.4 12.3 2.49
standard deviation 1.1 3.7 0.30
Note:
t = time for a finger to travel from 7cm to 13 cm on the grid (actual length = 61.5 mm)
velocity = 61.5 (mm)/time (sec)
Note:
Thickness of the upper sand layer at A>170 was greater than that at A<170.
Representative data for this test are given by the fingers 1 to 13.
14 174 178 176 28
15 193 197 195 29
16 203 208 205.5 30
17 228 232 230 31
18 246 250 248 32
average
standard deviation
4.3
1.0
24.0
19.0
10.5
24.5
18.0
14.3
5.3
2.35
0.33
Table 5.5(3) Data sheet for finger test (katsu 3)
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4.0
4.0
5.0
4.0
4.0
2.20
2.12
2.05
1.98
1.92
run no. katsu 4
date 5/14/96
G-Level 7.5G
fluid SOLTROL 220
void ratio 0.579
Dr 104%
sample width 1lmm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 -4 2 -1.0
2 6 11 8.5 46
3 17 24 20.5 47
4 42 50 46.0 32
5 57 64 60.5 37
6 69 76 72.5 47
7 80 87 83.5
8 94 100 97.0 55
9 110 117 113.5 43
10 120 125 122.5
11 134 141 137.5
12 142 148 145.0
13 155 163 159.0 40
14 170 180 175.0 49
15 182 188 185.0 42
16 191 199 195.0 37
17 212 218 215.0
18 222 229 225.5 45
19 231 239 235.0 39
average
standard deviation
6.9
1.2
separation
(mm)
9.5
12.0
25.5
14.5
12.0
11.0
13.5
16.5
9.0
15.0
7.5
14.0
16.0
10.0
10.0
20.0
10.5
9.5
1.66
0.19
13.1
4.4
Note:
t = time for a finger to travel from 8cm to 15 cm on the grid (actual length = 72.0 mm)
velocity = 72.0 (mm)/time (sec)
Table 5.5(4) Data sheet for finger test (katsu 4)
---
width(mm)6.0
5.0
7.0
8.0
7.0
7.0
7.0
6.0
7.0
5.0
7.0
6.0
8.0
10.0
6.0
8.0
6.0
7.0
8.0
velocity(mm/sec)
1.57
1.53
1.59
1.95
1.53
1.31
1.67
1.80
1.47
1.71
1.60
1.85
remarks
unclear
unclear
unclear
unclear
unclear
unclear
A-
run no. katsu 5
date 5/15/96
G-Level 3.8G
fluid SOLTROL 220
void ratio 0.580
D, 104%
sample width 11mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 -7 3 -2.0
2 20 30 25.0 102
3 32 44 38.0 81
4 46 61 53.5 83
5 64 77 70.5 80
6 81 96 88.5 78
7 110 126 118.0 76
8 156 167 161.5 196
9 173 186 179.5 92
10 188 199 193.5 134
11 203 220 211.5 80
12 229 242 235.5 90
average
standard deviation
width
(mm)
10.0
10.0
12.0
15.0
13.0
15.0
16.0
11.0
13.0
11.0
17.0
13.0
13.0
2.3
separation
(mm)
27.0
13.0
15.5
17.0
18.0
29.5
43.5
18.0
14.0
18.0
24.0
21.6
9.0
velocity remarks
(mm/sec)
0.60
0.76
0.74
0.77
0.79
0.81
0.31
0.67
0.46
0.77
0.68
remarks
unclear
0.67
0.16
Note:
t = time for a finger to travel from 7cm to 13 cm on the grid (actual length = 61.5 mm)
velocity = 61.5 (mm)/time (sec)
Table 5.5(5) Data sheet for finger test (katsu 5)
II I
run no. katsu 6
date 5/16/96
G-Level 6.1G
fluid SOLTROL 220
void ratio 0.593
D, 98.8%
sample width 11mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 3 8 5.5
2 14 23 18.5
3 31 35 33.0
4 47 53 50.0 62
5 60 70 65.0 44
6 71 78 74.5 44
7 85 94 89.5 52
8 102 110 106.0 56
9 116 123 119.5 52
10 131 138 134.5 49
11 142 150 146.0 65
12 155 160 157.5 80
13 161 169 165.0 69
14 180 185 182.5
15 188 196 192.0 67
16 197 206 201.5
17 220 227 223.5
18 230 235 232.5
19 238 242 240.0
average
standard deviation
width
(mm)
5.0
9.0
4.0
6.0
10.0
7.0
9.0
8.0
7.0
7.0
8.0
5.0
8.0
5.0
8.0
9.0
7.0
5.0
4.0
7.1
1.7
separation
(mm)
13.0
14.5
17.0
15.0
9.5
15.0
16.5
13.5
15.0
11.5
11.5
7.5
17.5
9.5
9.5
22.0
9.0
7.5
13.4
3.8
1.09
0.21
Note:
t = time for a finger to travel from 7cm to 13 cm on the grid (actual length = 61.5 mm)
velocity = 61.5 (mm)/time (sec)
Table 5.5(6) Data sheet for finger test (katsu 6)
velocity
(mm/sec)
0.99
1.40
1.40
1.18
1.10
1.18
1.26
0.95
0.77
0.89
0.92
remarks
unclear
unclear
unclear
unclear
unclear
unclear
unclear
unclear
run no. katsu 7
date 5/17/96
G-Level 1.OG
fluid SOLTROL 220
void ratio 0.523
D, 126%
sample width 8mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 28 50 39.0 601
2 52 70 61.0
3 74 110 92.0 411
4 125 140 132.5
5 142 174 158.0 416
6 180 227 203.5 409
width
(mm)
22.0
18.0
36.0
15.0
32.0
47.0
28.3
12.2
separation
(mm)
22.0
31.0
40.5
25.5
45.5
32.9
9.9
remarksvelocity
(mm/sec)
0.12
0.18
0.17
0.18
0.16
0.03
Note:
t = time for a finger to travel from 9 cm to 16 cm on
velocity = 72.5 (mm)/time (sec)
the grid (actual length = 72.5 mm)
Table 5.5(7) Data sheet for finger test (katsu 7)
I
run no. katsu 8
date 5/20/96
G-Level 4.4G
fluid SOLTROL 220
void ratio 0.542
D, 119%
sample width 8mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 36 46 41.0 62
2 47 53 50.0 136
3 55 62 58.5 136
4 77 84 80.5 220
5 89 98 93.5 76
6 99 109 104.0 66
7 112 122 117.0 64
8 144 152 148.0 85
9 154 165 159.5 73
10 176 183 179.5 76
11 199 207 203.0 87
12 210 219 214.5 70
13 220 231 225.5 66
average
standard deviation
width
(mm)
10.0
6.0
7.0
7.0
9.0
10.0
10.0
8.0
11.0
7.0
8.0
9.0
11.0
8.7
1.7
separation
(mm)
9.0
8.5
22.0
13.0
10.5
13.0
31.0
11.5
20.0
23.5
11.5
11.0
15.4
7.1
0.75
0.22
Note:
t = time for a finger to travel from 7cm to 13 cm on the grid (actual length = 61.5 mm)
velocity = 61.5 (mm)/time (sec)
Table 5.5(8) Data sheet for finger test (katsu 8)
- --- -~---
velocity
(mm/sec)
0.99
0.45
0.45
0.28
0.81
0.93
0.96
0.72
0.84
0.81
0.71
0.88
0.93
remarks
run no. katsu 9
date 6/26/96
G-Level 4.2G
fluid SOLTROL 220
void ratio 0.567
D, 109%
sample width 11mm
average
standard deviation
7.1
0.7
11.5
2.7
Note:
The sand was initially saturated by water before being drained for 20 minutes under 4.2G.
Because the color contrast between the wet sand and the oil was not distinct,
velocity data were not obtained.
Table 5.5(9) Data sheet for finger width (katsu 9)
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 -1 6 2.5
2 7 15 11.0
3 19 25 22.0
4 32 38 35.0
5 37 45 41.0
6 51 59 55.0
7 61 69 65.0
8 72 79 75.5
9 82 88 85.0
10 93 99 96.0
11 104 111 107.5
12 118 125 121.5
13 131 139 135.0
14 141 148 144.5
15 153 160 156.5
16 163 170 166.5
17 176 183 179.5
18 193 200 196.5
19 205 212 208.5
20 212 219 215.5
21 228 235 231.5
22 240 248 244.0
--
width(mm)7.0
8.0
6.0
6.0
8.0
8.0
8.0
7.0
6.0
6.0
7.0
7.0
8.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
8.0
separation(mm)
8.5
11.0
13.0
6.0
14.0
10.0
10.5
9.5
11.0
11.5
14.0
13.5
9.5
12.0
10.0
13.0
17.0
12.0
7.0
16.0
12.5
velocity(mm/sec) remarks
I
~o~D~a~-
run no. katsu 10
date 7/1/96
G-Level 5.2G
fluid SOLTROL 220
void ratio 0.604
D, 94.5%
sample width 11lmm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 15 18 16.5
2 27 34 30.5
3 42 50 46.0 45
4 61 68 64.5
5 73 78 75.5
6 82 89 85.5 48
7 96 103 99.5 82
8 111 118 114.5 67
9 119 126 122.5
10 132 138 135.0
11 141 148 144.5
12 153 157 155.0
13 166 175 170.5 46
14 186 192 189.0 98
15 196 201 198.5
16 210 215 212.5
17 216 222 219.0
18 226 232 229.0 49
19 249 257 253.0 37
average
standard deviation
width
(mm)
3.0
7.0
8.0
7.0
5.0
7.0
7.0
7.0
7.0
6.0
7.0
4.0
9.0
6.0
5.0
5.0
6.0
6.0
8.0
6.2
1.4
separation
(mm)
14.0
15.5
18.5
11.0
10.0
14.0
15.0
8.0
12.5
9.5
10.5
15.5
18.5
9.5
14.0
6.5
10.0
24.0
12.5
3.5
0.89
0.25
Note:
t = time for a finger to travel from 8cm to 13 cm on the grid
velocity = 51.0 (mm)/time (sec)
(actual length = 51.0 mm)
Table 5.5(10) Data sheet for finger test (katsu 10)
velocity(mm/sec)
1.13
1.06
0.62
0.76
1.11
0.52
1.04
1.38
remnarks
unclear
unclear
unclear
unclear
unclear
unclear
unclear
unclear
unclear
unclear
unclear
I- - - --"
run no. katsu 11
date 5/5/96
G-Level 1.OG
fluid water
void ratio 0.581
D, 104%
sample width 15.5mm
finger A B (A+B)/2 t
(mm) (mm) (mm) (sec)
1 28 77 52.5 38
2 87 112 99.5 38
3 123 150 136.5 44
4 178 208 193.0 42
average
standard deviation
width
(mm)
49.0
25.0
27.0
30.0
32.8
11.0
separation
(mm)
47.0
37.0
56.5
46.8
9.8
1.26
0.10
Note:
t = time for a finger to travel from 10cm to 15 cm on the grid (actual length = 52.0 mm)
velocity = 52.0 (mm)/time (sec)
Table 5.5(11) Data sheet for finger test (katsu 11)
-- -- -- - -- - - - ----
velocity(mm/sec)l
1 .37
1 .37
1.18
1.24
remnarks
A-
i.UL4t~l~·-·~·C~P~II~19DI~
Sorptivity (cm/sec&s)  Hydraulic conductivity (cm/sec)
By Explicit formula By I=StP5+At By Explicit formula By measurement
SOLTROL 220 2.56E-01 2.57E-01 1.94E-02 1.27E-02
(porosity) (n.,=0.365) (n--0.375)
water 6.12E-01 6.28E-01 1.30E-01 4.68E-02
(porosity) (n,,=0.370) (n=0.375)
water/SOLTROL 2.39 2.45 6.70 3.69
from Section 3.2 3.4 5.0
Table 6.1 A summary of the properties to describe the infiltration
for SOLTROL 220 and water
SOLTROL 220 Hydraulic conductivity(cm/sec)
explicit
(Finger tests -- 2.68cm) measured formula
Sorptivity (cm/sec05) 1.27E-02 1.94E-02
ref. Culligan 2.90E-02 0.56 0.37(1996)
explicit 2.60E-01 45.2 29.6
formula
water Hydraulic conductivity(cm/sec)
explicit
(Finger tests -- 3.28cm) measured formula
Sorptivity (cm/sec&0 ) 4.68E-02 1.30E-01
ref. Culligan 1.00E-01 1.81 0.65(1996)
explicit 6.20E-01 69.7 25.1formula
Table 6.2 Prediction of the minimum finger width with different parameter estimations
(unit of finger width: cm; AO--0.37)
~-----~I-~----
SOLTROL 220 Hydraulic conductivity(cm/sec)
explicit
(Finger tests -- 2.68cm) measured formula
Sorptivity (cm/sec05 ) 1.27E-02 1.94E-02
ref. Culligan 2.90E-02 1.25 0.82(1996)
explicit 2.60E-01 100.4 65.7
formula
water Hydraulic conductivity(cm/sec)
explicit
(Finger tests -- 3.28cm) measured formula
Sorptivity (cm/sec0 5) 4.68E-02 1.30E-01
ref. Culligan 1.00E-01 2.59 0.93(1996)
explicit 6.20E-01 99.6 35.9formula
Table 6.3 Prediction of the finger width with different parameter estimations
after taking into account the effect of the ratio of finger width to separation
(unit of finger width: cm; Ae=0.37)
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Figure 1.1 Schematic diagram of LNAPL behavior in the subsurface
environment [from Mecer and Cohen, 1990]
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Figure 2.1 A conceptual finger moving downward through a porous medium [from Glass
et al., 1989a] (Oc,t, and eo are the moisure content at the finger core, at the finger tip, andin the porous medium initially, respectively.)
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Figure 2.2 Gravity effects in the model and the prototype [from Schofield, 1980]
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Figure 3.1 Grain size distribution of the original sands and the sieved-out sands( The plots for the sands, 40P and 100P, are reproduced referring to the data reported
by Sang (1996)
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Figure 3.2 The Platform of the centrifuge machine with the strongbox
and the CCD camera installed
100
* Plane view
the slot for the return
* Side 
view
45.8cm
Figure 3.3(a) The dimensions of the strongbox
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Figure 3.3(b) Pictures of the strongbox (Upper: Plane view, Lower: Side view)
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Figure 3.4 Diagram of oil flow in the strongbox
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Figure 3.5 Installations of the strongbox and the CCD camera on the base plate
(Upper: Plane view on the platform, Lower: Side view)
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Figure 3.6(a) The MIT diffusive rainer
Figure 3.6(b) The window chimney
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Figure 3.7 Illustration of the raining process
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Figure 4.1 The apparatus used for the infiltration tests
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Figure 4.2 The device to make flat the surface of the samples
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Figure 4.3 Cross-section through the soil model
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Figure 4.4 Grid attached to the lexan window
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Figure 4.5 Correction of the scale on the grid
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Figure 4.6 Diagram of G-level versus time for a typical centrifuge test
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measured data
Figure 5.1(a) Diagram to explain the index 1
Figure 5.1(b) Diagram to explain the index 2
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fitting curve
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___
measured data
Figure 5.2(a) Example of the curve fitting (The fitting curve is a
little lower than the measured data for all points.)
Figure 5.2(b) Example of the curve fitting (The fitting curve
goes through the measured data with the same deviation seen in
the upper figure.)
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Figure 5.3(a) Results of the infiltration tests and fitting curves by I=Sto.5+At
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Figure 5.3(b) Fitting curves by the explicit infiltration formula
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Figure 5.4 Typical profile of the fingers developed under 5.2 G conditions (katsu 10)
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Figure 5.5(1) Developing profile of the fingers: interval=3 minutes (katsu 1)
Figure 5.5(2) Developing profile of the fingers: interval=20 seconds (katsu 4)
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Figure 5.5(3) Developing profile of the fingers: interval=30 seconds (katsu 5)
Figure 5.5(4) Developing profile of the fingers: interval=30 seconds (katsu 6)
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Figure 5.5(5) Developing profile of the fingers: interval=3 minutes (katsu 7)
Figure 5.5(6) Developing profile of the fingers: interval=30 seconds (katsu 8)
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Figure 5.5(7) Developing profile of the fingers: interval=30 seconds (katsu 10)
Figure 5.5(8) Developing profile of the fingers: interval=15 seconds (katsu 11)
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Figure 5.6 Grid pattern and the definitions of finger width and finger separation
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Figure 5.7 Assumed distribution of the degree of saturation
in the sample, katsu 9 (Drained for 20 minutes under 5.2G)
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Figure 5.8 Finger width under varying G-levels
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Figure 5.9 Finger separation under varying G-levels
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Figure 5.10 Profile of the fingers developed in wet sand (katsu 9)
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Figure 5.11 The finger velocity in the dry sand medium with varying G-levels
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Figure 6.1 Two fitting curves for the grain size distributions
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Figure 6.2 The ratio of finger width to the finger separation at varying G-level
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